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Abstract 24 

Multivariate curve resolution-alternating least squares (MCR-ALS) as a second-order 25 

calibration algorithm was proposed for simultaneous analysis of eighteen fatty acid methyl esters 26 

(FAMEs) in a standard mixture and pomegranate seed sample using vortex-assisted extraction-27 

dispersive liquid-liquid microextraction (VAE-DLLME) followed by gas chromatography–mass 28 

spectrometry (GC-MS). Chemometric resolution, identification and quantification of the target 29 

FAMEs in the standard mixture and real sample (pomegranate seed) were carried out 30 

successfully in the presence of some uncalibrated interferences. The lack of fit (LOF) and 31 

reverse match factor (RMF) were used for evaluation of the MCR-ALS results of calibration 32 

samples. The LOF (%) and RMF values were in the ranges 7.24-24.36 and 708-977, 33 

respectively. In addition, regression coefficients (R2) and relative errors (REs, %) of calibration 34 

curves of different FAs were in the satisfactory range of 0.9934-0.9989 and 3.70-7.45, 35 

respectively. Application of the proposed strategy to pomegranate seed extract showed that 36 

linoleic acid, oleic acid, palmitic acid, stearic acid and cis-11-eicosenoic acid were respectively 37 

the main fatty acids of pomegranate seed with concentration of 9098.0, 4873.0, 3147.0, 1960.0 38 

and 1019.0 mg kg-1 and relative standard deviations (RSD, %) between 0.15-11.57. It is 39 

concluded that MCR-ALS combined to VAE-DLLME-GC-MS is a fast and simple strategy to be 40 

used for qualitative and quantitative analysis of complex samples such as natural products.  41 

 42 

Keywords: Second-order calibration; Multivariate curve resolution-alternating least squares; 43 

Vortex-assisted extraction-dispersive liquid-liquid microextraction; Gas chromatography-mass 44 

spectrometry; Fatty acids; Pomegranate seeds. 45 

 46 
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1 Introduction 47 

Determination and quantification of fatty acids (FAs) in different sample matrices including 48 

blue crab1, fish oil2, beer3, alcoholic beverages and tobaccos4, raw spirits5 and wild mushroom6 49 

have attracted the attention of health and nutrition researchers owing to their significant role in 50 

biological tissues. Pomegranate is one of the native fruits of Iran with annual production of about 51 

700,000 tons. Regarding the high content of FAs and other bioactive components, pomegranate 52 

seeds can be used as a rich source of FAs. Hence, extraction and characterization of pomegranate 53 

seed compounds have attracted considerable attention in recent years.7,8 The amount of some 54 

FAs in pomegranate seeds has been obtained by different extraction methods such as soxhlet 55 

extraction, supercritical fluid extraction (SFE) and ultrasonic-assisted solvent extraction (UASE). 56 

9-11 However, quantification of FAs has always been a challenging task due to insufficient 57 

sensitivity, the presence of a variety of polyunsaturated fatty acids (PUFA) isomers, and coeluted 58 

components.12,13  59 

Among different extraction techniques, dispersive liquid-liquid microextraction (DLLME) has 60 

been introduced by Assadi and co-workers in 2006 as a simple and efficient 61 

extraction/preconcentration technique.14 In general, the DLLME technique consists of two 62 

simple steps: (1) rapid injection of appropriate mixture of extractor and disperser solvent into 63 

aqueous sample containing the sought analyte(s); and (2) centrifugation of cloudy solution to 64 

separate the phases. In the first step, a stable cloudy solution (containing very fine droplets of 65 

extraction solvent dispersed into the aqueous phase) is formed. Owing to the large surface area 66 

between the extractor solvent and the aqueous sample, equilibrium state is quickly achieved. In 67 

the second step, after centrifugation, the organic phase is separated and is analyzed by an 68 

appropriate instrumental technique.15 Only in less than one decade after introduction of DLLME, 69 
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it has been frequently used for extraction and preconcentration of broad range of organic and 70 

inorganic compounds from different sample matrices, such as foods, environmental, and 71 

biological samples.16-18 72 

Gas chromatography coupled to mass spectrometry (GC-MS) is the most frequently used 73 

instrument for identification and quantification of FAs in animal and plant samples.19 The 74 

derivatization of the FAs to their methyl esters (FAMEs) is a primary step in GC separation to 75 

increase the resolution and sensitivity of the FAs analysis. Very often, overlapped regions in GC 76 

profiles of FAMEs (specially unsaturated FAMEs) can be observed due to the complexity of 77 

FAMEs matrices. Therefore, finding proper conditions for comprehensive separation, 78 

identification, and quantification of saturated and unsaturated FAMEs particularly in the 79 

presence of other interferences is a very difficult task. 80 

Fortunately, over the past decades, second-order calibration methods have attracted great 81 

attention of analytical chemists due to their great achievements in improving the sensitivity, 82 

increasing the selectivity and modeling of analyte contribution in the presence of uncalibrated 83 

interferences.20 Various second-order multivariate calibration algorithms have been developed in 84 

the recent decade and they have been reviewed in refs.21-23 85 

Among different second-order calibration methods, multivariate curve resolution-alternating 86 

least squares (MCR-ALS) and parallel factor analysis 2 (PARAFAC2)24 have been proposed and 87 

extensively used to resolve multiple pure responses and concentrations of the components 88 

present in unknown mixtures. However, Different studies have been done to show the superiority 89 

of MCR-ALS over PARAFAC2 when fundamental chromatographic problems exist.25 90 

PARAFAC2 is a variant of the PARAFAC technique which has been applied to chromatographic 91 

data. Strict trilinearity in the PARAFAC2 model is not necessary, although it does not allow for 92 
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significant shape changes in the elution peak across different runs (the extent of the allowed peak 93 

deformation in practice is still unknown). PARAFAC2 allows for analysis of data where there 94 

are moderate elution time shifts in chromatographic dimension due to, for example, temperature 95 

programming or misalignment across samples. However, PARAFAC2 is computationally more 96 

complex and expensive, and it does not allow for constraints (e.g., non-negativity and/ or 97 

unimodality) in the chromatographic direction and therefore negative values and multimodal 98 

peaks may appear in the results. Also, applying constraints selectively only to some selected 99 

components is not possible. 100 

The MCR-ALS has been applied to data collected from multi-component liquid 101 

chromatography-mass spectrometry (LC-MS),26 gas chromatography-mass spectrometry (GC-102 

MS),2 and high performance liquid chromatography-diode array detection (HPLC-DAD)27 and 103 

fluorescence excitation–emission matrices (EEM).28 In MCR-ALS, the measured analytical 104 

signals are assumed to follow a generalized bilinear additive model and the contribution of each 105 

component to the measured signal depends on its concentration and on its spectral profile. MCR-106 

ALS can also be used to obtain quantitative analytical information because any type of 107 

constraints can be easily applied to the solutions.   108 

In the present contribution, MCR-ALS was used as a second-order calibration algorithm for 109 

identification and quantification of FAMEs in the standard mixture and pomegranate seed 110 

samples. For this purpose, the simple microextraction method of VAE-DLLME followed by GC-111 

MS was carried out on a standard mixture of FAMEs. Then, the data were analyzed by MCR-112 

ALS algorithm to overcome the chromatographic problems, to build calibration curves and to 113 

obtain analytical figures of merit. Finally, the pomegranate seed FAMEs were investigated as the 114 

test sample for evaluation of the proposed calibration method. 115 
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Abbreviations 116 

COW: correlation optimized warping; DLLME: dispersive liquid-liquid micro-extraction; 117 

DTW: dynamic time warping; EEM: excitation–emission matrices; EFA: evolving factor 118 

analysis; FA: fatty acid; FAME: fatty acid methyl ester; GC-MS: gas chromatography-mass 119 

spectrometry; HPLC-DAD: high performance liquid chromatography-diode array detection; 120 

LC-MS: liquid chromatography-mass spectrometry, LOF: lack of fit; MCR-ALS: multivariate 121 

curve resolution-alternating least squares; OVI: overall volume integration, PUFA: 122 

polyunsaturated fatty acid; RE: relative error; RMF: reverse match factor; RSD: relative 123 

standard deviation; SFE: supercritical fluid extraction; SIMPLISMA: simple-to use interactive 124 

self-modeling mixture analysis; SVD: singular value decomposition; TIC: total ion 125 

chromatogram; UASE: ultrasonic-assisted solvent extraction; VAE: vortex assisted-extraction. 126 

 127 

2 Experimental 128 

2.1 Chemicals and reagents 129 

Fatty acid methyl esters (FAMEs) mixture (Grain FAME mix. 10 mg mL-1 in CH2Cl2) was 130 

purchased from Sigma Aldrich (St. Louis, MO, USA). Pentadecanoic acid, chloroform, methanol 131 

and sodium chloride with the purity higher than 99.0% were purchased from Merck (Darmstadt, 132 

Germany). Pure helium (99.999%) was obtained from Roham gas company (Tehran, Iran, 133 

http://www.roham.com).  134 

  135 

 136 

2.2 Sample preparation: extraction, esterification and preconcentration of FAs 137 

Fresh pomegranates were obtained from a market in Karaj (Alborz province, Iran). The 138 

pomegranates were crushed and their seeds were separated from other parts. The dewatered 139 

seeds were washed with tap water several times for the removal of residuals and then were dried 140 

at room temperature for 48 h. The dried seeds were powdered by a household grinder and sieved 141 
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using a 60-mesh sieve (pore size 0.3 mm). The obtained powder was stored in a glass vessel at 4 142 

°C for subsequent analyses. 143 

A portion of the seed powder (0.3 g) was placed into a 5 mL screw cap glass test tube and then 2 144 

mL methanol (extraction solvent) was added to it. Afterward, the mixture was subjected to 145 

vortexing using a vortex-mixer (Velp Scientifica, Milan, Italy) for 3 min. After the extraction, 146 

the solid particles were separated from the mixture by centrifugation, and the supernatant was 147 

transferred to another test tube. Then, pentadecanoic acid was added to it as internal standard (5 148 

mg L-1). In the next step, a simple esterification procedure was performed by adding one drop of 149 

concentrated H2SO4 to 1 mL of the supernatant fixed in a water bath (at 70 °C for 60 min). Then, 150 

0.5 mL of the esterified solution was placed into a test tube and 28 µL chloroform 151 

(preconcentration solvent) was added to it. After that, the solution was injected rapidly into a 152 

conic bottom test tube containing 2 mL aqueous NaCl solution (5% w/v). Accordingly, a cloudy 153 

solution containing tiny droplets of chloroform dispersed into the aqueous phase was formed. In 154 

this step, the analytes were extracted from the aqueous sample into the chloroform droplets. 155 

Then, the organic extraction phase was separated by centrifugation at 4000 rpm for 3 min. 156 

Finally, 0.5 µL of the lower phase (chloroform phase) was injected into GC-MS using a 1.0 µL 157 

microsyringe. 158 

 159 

2.3 GC-MS analysis 160 

A 6890 GC system coupled with a 5973 network mass selective detector (Agilent 161 

Technologies, Santa Clara, CA, USA) and equipped with a HP5-MS capillary fused silica 162 

column (30 m length; 0.25 mm I.D.; 0.25 µm film thicknesses, methyl 5% phenyl polysiloxane) 163 

was used for analysis of the samples. The temperature program started at 50 °C for 1 min then 164 
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increased with the rate of 20 °C min−1 to 270 °C, held for 3 min. The total GC run time was 15 165 

min. In this regard, the chromatographic conditions were chosen to achieve a reasonable 166 

chromatographic resolution and a short analysis time. The carrier gas (helium, 99.999%) was 167 

maintained at a constant pressure of 36 psi with a flow rate of 1 mL min−1 (4 min solvent delay). 168 

Other operating conditions were as follows: injection volume, 0.5 µL; split ratio, 1:20; interface 169 

temperature, 250 °C; and ion source temperature, 230 °C. Mass spectra were taken at 70 eV 170 

ionization energy and full scan mode. The scanned mass range was set at 50-450 m/z. An 171 

enhanced ChemStation software package (G1701 DA-MSD, Rev. D.00.01.27) was used for the 172 

data collection and analysis in GC-MS.  173 

 174 

2.4 Chemometric analysis 175 

Hyphenated systems such as HPLC-DAD, LC–MS, and GC-MS produce a large volume of 176 

data that can be stored in a rectangular data arrays called second-order data matrices. This mixed 177 

data matrix contains information from two different data directions (i.e., rows and columns) and 178 

can be decomposed into the contribution of pure component profiles of the constituents, by 179 

means of a simple bilinear data decomposition, which is defined as follow:  180 

X = CST + E                                                                                                              (1) 181 

where X (I,J) is the raw experimental data matrix, C (I,N) is the factor matrix which contains the 182 

resolved concentration profiles of the N components present in the data matrix, and S (N,J) is the 183 

factor matrix of their corresponding pure spectral profiles. The part of data which is not 184 

explained by the model is in the error E (I,J) matrix. Indices I and J are the numbers of row and 185 

column variables, respectively, spectral channels (e.g., wavelengths or m/z ratios), and time 186 

points (e.g., elution times). In addition, N is the number of eluted components in the analyzed 187 
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data matrix X. The number of chemical components in each chromatographic region was 188 

determined using singular value decomposition (SVD). Also, evolving factor analysis (EFA) was 189 

used to confirm the number of present components in each region. Furthermore, MCR-ALS 190 

model was checked with fewer and more components to make sure about the correct number of 191 

chemical components in each chromatographic region. In this regard, the change in lack of fit 192 

(LOF) of MCR-ALS model was used as a criterion for decision about the presence or absence of 193 

a component in the model.   194 

Eq. (1) is solved for C and ST, using an iterative algorithm based on two constrained linear 195 

least squares steps. It requires an initial estimation of the concentration, C, or of the spectra, ST, 196 

profiles, which can be easily obtained using different methods or from the ‘‘purest’’ data 197 

samples or variables (e.g., simple-to use interactive self-modeling mixture analysis 198 

(SIMPLISMA)29 ). Although, finding unique solutions of Eq. (1) is impossible when only the 199 

information about the data matrix X is provided, the use of constraints (e.g., non-negativity or 200 

any other previously known property or constraint about the nature of the component profiles) 201 

can significantly decrease this indeterminacy and eventually totally eliminate it. A more detailed 202 

discussion about the MCR-ALS method can be found in previous works.30, 31 203 

One of the most important features of MCR-ALS is its potential to extend to the analysis of 204 

higher-order data. The extended MCR-ALS bilinear decomposition is as follow: 205 

T T

aug 1 2 k 1 2 k 1 2 k aug augX = [X ;X ;...;X ] = [C ;C ;...;C ]S +[E ;E ;...;E ] = C S +E             (2) 206 

where X1, X2, ...., XK are respectively, the data matrices corresponding to the k=1,...,K 207 

chromatographic runs having components in common to be analyzed simultaneously collected in 208 

column-wise data matrix Xaug, C1, C2, ...., Ck in augmented form Caug are the concentration 209 

matrices with the elution profiles of the resolved components in the k=1,..., K runs, ST is the 210 
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matrix of spectral profiles of these eluted components, and E1, E2, ...., Ek in augmented form Eaug 211 

are the corresponding error matrices containing the part of the measured data unexplained by the 212 

proposed bilinear model. 213 

The results from MCR-ALS when applied to chromatographic data analysis are the pure 214 

elution and spectral profiles of the constituents of the analyzed samples. Resolved spectral 215 

profiles can be used to identify these components by comparing the resolved spectra with those 216 

of authentic standards or standard spectra in available libraries. On the other hand, to obtain 217 

quantitative chromatographic information, the areas of the resolved elution profiles can be 218 

exploited for quantification, especially in the case of simultaneous analysis of several 219 

chromatographic runs. One of the interesting aspects of MCR-ALS model in this work is its 220 

potential to model baseline/background contribution instead of its correction before analysis. In 221 

addition, elution time shift can be handled by MCR-ALS. In other words, presence of elution 222 

time shifts cannot affect the MCR-ALS solutions because of its bilinear model assumption.  223 

 224 

2.5 Quantitative analysis 225 

In order to prepare the calibration samples, the original standard of FAMEs diluted to 20, 50, 226 

100, 250, 500 and 1000-fold of the original in methanol. Then, pentadecanoic acid methyl ester 227 

as internal standard (with the final concentration of 5.0 mg L-1) was added to each solution and 228 

were treated in accordance with the proposed procedure (section 2.2). The obtained total ion 229 

chromatogram (TIC) of the standards was divided into sixteen segments (based on emerging 230 

chromatographic peaks of standard FAMEs) for simplifying the calculations. The matrices for 231 

each analytes in different standards were arranged in a column-wise augmented data matrix. The 232 

augmented data matrix was analyzed using MCR-ALS under the application of non-negativity, 233 
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unimodality and spectral normalization constraints. Also, SIMPLISMA was used to estimate the 234 

initial spectral profiles. 235 

Quantification was performed based on the summation of the peak areas of the resolved 236 

profiles by MCR-ALS. Thus, relative quantitative information for one target compound can be 237 

then directly derived from the comparison of MCR-ALS resolved elution profiles for different 238 

samples under the assumption of linear relation between relative peak areas of the resolved 239 

elution profiles and their relative concentrations. It should be pointed out that overall volume 240 

integration (OVI) was considered as analyte signal for peak area calculation.32 The OVI is 241 

preferred to total peak area because of all mass spectral intensities are taken into account in the 242 

calculation. The calculated OVI for each of FAMEs was divided to the OVI of internal standard 243 

(pentadecanoic acid methyl ester) and was used to build calibration curves. Fig. 1 shows the 244 

general procedure used in this study.  245 

Data analyses were performed on an Intel (R) Core (TM) 2 Duo-based DELL (Vostro) 246 

personal computer with 2.50 GHz CPU and 4 GB RAM. All calculations were carried out using 247 

MATLAB 7.10.0 (The Mathworks Inc., MA, USA). MCR-ALS toolbox was freely available 248 

from the homepage of MCR at http://www.mcrals.info/. MCRC software33 was used for data 249 

preprocessing and local rank analysis. The library searches and spectral matching of the resolved 250 

pure components were conducted on the NIST MS database.34 251 

Fig. 1 near here 252 

3 Results and discussion 253 

3.1 Optimization of the extraction procedure 254 

In order to achieve the maximum efficiency of the proposed method, the effective parameters  255 

including type of extraction solvent, extraction time, type and volume of preconcentration 256 
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solvent, and salt concentration were investigated and optimized. In addition, the total peak areas 257 

of the sought FAs were considered as the response for optimization. 258 

The extraction solvent was chosen based on the properties such as ability to extract the sought 259 

analytes (FAs), and good miscibility with organic preconcentration solvent and aqueous sample 260 

solution (because it plays the role of disperser in DLLME step). Therefore, methanol and ethanol 261 

were tested as the potential extraction solvents in accordance with the proposed procedure in 262 

section 2.2. The results showed that the maximum total peak area was produced using methanol 263 

(Fig. 2a), thus it was used as the extraction solvent in the subsequent experiments.  264 

The extraction time was the next parameter that its influence was investigated in the range of 265 

0.5-4 min. According to the results presented in Fig. 2b, 3 min was selected as the optimum 266 

extraction time for the subsequent experiments. 267 

The appropriate preconcentration solvent was selected based on the characteristics such as 268 

extraction capability for the sought compounds, immiscibility with water, higher density than 269 

water, and to be suitable for gas chromatography analysis. Considering these properties, several 270 

solvents consisting of chloroform, chlorobenzene, trichloroethylene and tetrachloroethylene were 271 

evaluated for this purpose. As shown in Fig. 2c, among these solvents, the highest total peak area 272 

was generated using chloroform as preconcentration solvent. Therefore, it was chosen as the 273 

most suitable preconcentration solvent in the proposed procedure. In the next step, the influence 274 

of volume of the selected preconcentration solvent (chloroform) was studied in the range of 25-275 

45 µL. Inspection of the results in Fig. 2d (blue line) shows that with increasing the volume of 276 

chloroform (extraction solvent), the response decreases due to the reducing the concentration of 277 

FAMEs. However, as the highest total peak areas were obtained in the region 25-30 µL, 278 

therefore, 28 µL was chosen as optimized preconcentration solvent volume.  279 
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Finally, the effect of salt concentration on the preconcentration of the target analytes (FAs) 280 

was investigated in the range of 0 to 15% (w/v). Fig. 2d (red line) shows increasing the 281 

efficiency with increasing salt concentration up to 5%. However, higher salt concentrations cause 282 

decrease in the efficiency. The addition of salt in the first region (0-5%) decreased the solubility 283 

of analytes in the aqueous solution and enhanced the extraction efficiency by salting-out effect. 284 

At the concentrations above 5%, the increased viscosity of aqueous solution overcame the 285 

salting-out effect, led to difficult mass transfer and low extraction efficiency.35 286 

Fig. 2 near here 287 

 288 

3.2 Resolution and quantification of FAMEs in the standard mixture solution 289 

Under the optimized conditions, the standard FAMEs were extracted from the standard 290 

mixture, preconcentrated and then analyzed with GC-MS. The obtained chromatogram (Fig. 3 a) 291 

shows that most of the peaks are well separated except for the region marked with "A". In this 292 

region, three peaks related to the components 11, 12 and 13 have been overlapped. The GC-MS 293 

TIC of pomegranate seed extract depicted in Fig. 3b is very complex consisting of a large 294 

number of peaks together with different chromatographic problems such as baseline/background 295 

contribution, low S/N signals and peak overlap. The black rectangles in Fig. 3b marked with B 296 

(12.7-13.1 min) and C (13.8-14.3 min) highlight two problematic regions in the TIC. These 297 

chromatographic regions will then be analyzed to demonstrate the potential of the proposed 298 

strategy in this work. 299 

Fig. 3 near here 300 

At first, the GC-MS data of standard mixture samples of eighteen FAMEs were analyzed 301 

using the proposed strategy presented in Fig. 1. For this purpose, the second-order data obtained 302 
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from chromatographic regions containing the target analytes were exported to MATLAB and 303 

then the GC-MS data for different concentrations and replicates of sought analyte were arranged 304 

in a column-wise augmented data matrix. The augmented data matrix was then analyzed using 305 

MCR-ALS under non-negativity, unimodality, spectral normalization and component 306 

correspondence constraints. In the analysis of standard mixture samples, some of the components 307 

are overlapped. For example, region A in Fig. 3a which is also shown in Fig. 4a depicts a 308 

chromatographic region where some FAMEs are heavily overlapped in both chromatographic 309 

and mass spectrometric dimensions. The singular values from singular value decomposition 310 

(SVD)36 were used to find the number of chemical components in this region. As can be 311 

expected, three chemical components were recognized (singular values for these three 312 

components were 1.53×107, 6.85×106 and 2.56×106, respectively). The SIMPLISMA was then 313 

used to obtain an initial estimate of the spectral profiles for these three components to start ALS 314 

optimization. In the next step, MCR-ALS was applied under application of non-negativity (to 315 

chromatographic and spectral profiles), unimodality (to chromatographic profiles), and 316 

normalization (to spectral profiles) constraints. The MCR-ALS resolved elution profiles for this 317 

chromatographic region are shown in Fig. 4b. The values of lack of fit (LOF, %) and explained 318 

variance (R2, %) were equal to 18.83% and 96.45%, respectively. The resolved mass spectral 319 

profiles for each component (Fig. 4c, 4d & 4e) were matched with the stored mass spectra in 320 

NIST MS library database, and oleic acid methyl ester, linoleic acid methyl ester and linolenic 321 

acid methyl ester were respectively identified (Fig. 4f, 4g & 4h). 322 

Fig. 4 near here 323 

The same procedure was used for the MCR-ALS resolution of all other FAMEs and their 324 

calibration curves were built up. Table 1 shows the retention times, LOF, RMF, calibration 325 
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equation, linear dynamic range, regression coefficient and relative errors (REs) of the calibration 326 

concentrations for 18 FAMEs. Two parameters of LOF and RMF were explored for evaluation 327 

of the MCR-ALS results which were in the range of 7.24-24.36% and 708-977, respectively. It is 328 

important to note that in this study, MCR-ALS was performed by using raw data without any 329 

data preprocessing method, such as baseline correction and denoising. In addition, the R2 and 330 

REs were in the satisfactory ranges of 0.9934-0.9989 and 3.70-7.45%, respectively. All of these 331 

results confirm the validity of the proposed strategy. 332 

Table 1 near here 333 

Another interesting aspect of MCR-ALS is its proper performance in the presence of elution 334 

time shifts. Elution time shifts is considered as one of the most important problems in 335 

chromatography which can be caused due to factors such as column aging, minor changes in 336 

mobile phase composition and instrumental drift. The common chemometric way to handle this 337 

problem is its correction by the most applicable alignment methods such as dynamic time 338 

warping (DTW),37 correlation optimized warping (COW)38,39 and multivariate curve resolution-339 

correlation optimized warping (MCR-COW).40,41 However, these methods are based on selection 340 

of a reference chromatogram and the optimization of other parameters which are not trivial to 341 

choose in practice. Moreover, in the presence of interferences, alignment of chromatograms 342 

becomes much more difficult. Therefore, elution time shifts modeling using MCR-ALS can be a 343 

more efficient and better strategy to correct them. As an example, Fig. 5a shows overlaid TICs 344 

for a single-component chromatographic region in different calibration samples where the 345 

presence of elution time shifts and baseline/background contribution is evident. As it is 346 

demonstrated in Fig. 5b, MCR-ALS can properly recover the elution profiles for the target 347 

compounds in the presence of large amount of elution time shift. In addition, baseline 348 
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contributions in different standard samples are also properly modeled. The resolved mass 349 

spectral profile of the sought analyte and baseline are respectively shown in Fig. 5c and 5d. The 350 

comparison of the resolved mass spectrum of target analyte with standard one in NIST MS 351 

database confirmed the presence of arachidic acid methyl ester with acceptable RMF=961. 352 

Fig. 5 near here 353 

 354 

3.3 Resolution and quantification of FAMEs in pomegranate seed 355 

In order to evaluate the performance of the proposed second-order calibration method, 356 

chemometric resolution, identification and quantification of FAMEs in pomegranate seed were 357 

performed. Extraction and methyl esterification of FAs from pomegranate seed were performed 358 

according to the procedure given in section 2.2. The GC-MS analysis of pomegranate seed 359 

sample was carried out at the same conditions as the standard sample. As it was shown earlier in 360 

Fig. 3b, the GC-MS TIC of the pomegranate seed seems to be very complex with a large number 361 

of components and different chromatographic problems. Two highlighted chromatographic 362 

regions in Fig. 3b (B (12.7-13.1 min) and C (13.8-14.3 min)) were used to discuss how MCR-363 

ALS can resolve these problematic regions. The region B shows a very complex 364 

chromatographic region with one of the calibrated FAMEs and some uncalibrated-unknown 365 

interferences that have heavy overlap with the sought analyte. In addition, the peak cluster C 366 

illustrates the region of the pomegranate seed TIC that S/N is too low due to baseline drift. 367 

The most challenging region in the GC-MS TIC of pomegranate seed is the region B. To the 368 

best of our knowledge, this region belongs to the main component of pomegranate seed i.e. 369 

punicic acid ((Z,E,Z) 9,11,13-Octadecatrienoic acid) which constitutes about 70% of total FAs of 370 

pomegranate seeds.8,10 The GC-MS data of the desired chromatographic region was column-wise 371 

Page 17 of 33 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



17 
 

augmented with the GC-MS data of the standard samples (S1-S6) of the target compound in this 372 

region (11-eicosenoic acid methyl ester) (Fig. 6a). At first, the SVD was used for determination 373 

of the number of chemical components involved in this region. The obtained singular values 374 

confirmed the presence of four chemical components in this region. To make sure about the 375 

number of chemical components in this data matrix, local rank analysis method of evolving 376 

factor analysis (EFA)42 was also used. The forward and backward EFA plots (for the sake of 377 

brevity the results are not shown) confirmed the presence of four chemical components 378 

previously estimated by SVD. SIMPLISMA was used to calculate the initial values of mass 379 

spectral profiles to start ALS optimization.  Non-negativity (in both chromatographic and mass 380 

spectroscopic dimensions), unimodality (in chromatographic dimension), spectral normalization 381 

and component correspondence constraints were applied during optimization to reduce the 382 

effects of rotational ambiguity. Since the external calibration strategy was used in this work, 383 

therefore, contribution of three unknown components in real sample was set to zero in calibration 384 

set using component correspondence constraint which significantly reduces the extent of 385 

rotational ambiguity. Fig. 6b shows the resolved MCR-ALS elution profiles for standard and real 386 

samples. As can be seen, the pure contribution of 11-eicosenoic acid methyl ester in pomegranate 387 

seed was successfully resolved by MCR-ALS (with LOF=18.72%) despite of its heavy overlap 388 

with other components. The resolved mass spectral profile (Fig. 6c) of the sought analyte was 389 

searched within the stored mass spectra of NIST MS library and the presence of 11-eicosenoic 390 

acid methyl ester (Fig. 6d) was confirmed with RMF 882. Afterward, the resolved elution profile 391 

was used for quantification of 11-eicosenoic acid methyl ester and the concentration (mg kg-1) 392 

and RSD (%) values of 1019.36 and 4.98 were respectively obtained (Table 2). 393 

Fig. 6 near here 394 
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The last example is devoted to show the potential of MCR-ALS as a second-order calibration 395 

method to model the baseline drift and therefore, to resolve the contribution of minor 396 

components (low S/N signals) (chromatographic region C in Fig. 3b). Fig. 7a shows the 397 

augmented data matrix for target compound in real sample along with corresponding data 398 

matrices in calibration samples. As can be seen, the low S/N signals are observed due to baseline 399 

drift for both standards (in low concentration levels, S1-S3) and pomegranate seed sample. 400 

Fig. 7 near here 401 

Fig. 7b illustrates the resolved MCR-ALS elution profiles in standard and real samples. The 402 

green line in Fig. 7b shows the contribution of baseline in different samples which emphasizes 403 

on one of the most important features of MCR-ALS for the modeling of baseline/background 404 

contribution instead of its correction before analysis. The GC-MS data (Fig. 7a) and resolved 405 

elution profiles (Fig. 7b) for S1 standard are enlarged for indicating the resolution of baseline 406 

and analyte elution profile (Fig. 7c and 7d). As can be seen, the analyte signal in Fig. 7c is 407 

indistinguishable from the baseline while after applying MCR-ALS its contribution is 408 

recognizable (Fig. 7d). The resolved spectral profile of analyte and baseline are shown in Fig. 7e 409 

and Fig. 7f, respectively. The resolved spectral profile was matched with NIST library search 410 

and the presence of behenic acid methyl ester with RMF equal to 959 was confirmed. Fig. 7g 411 

shows the calibration curve of behenic acid methyl ester with R2 equals to 0.994 which was 412 

acceptable.  413 

Table 2 represents the identified FAs in pomegranate seeds using MCR-ALS. The values of 414 

LOF, RMF, concentration (mg kg-1) and RSD are also presented in this table. As can be seen, 415 

most of the FAs in standard samples were also detected in real sample with RMF higher than 900 416 

which again confirms the reliability of the present method. However, the concentration of 417 
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caprylic acid, capric acid, lauric acid and tridecanoic acid were below the limit of quantification 418 

(LOQ). In addition, myristoleic acid and linolenic acid were not detected in pomegranate seed 419 

whereas linoleic acid, oleic acid, palmitic acid, stearic acid and cis-11-eicosenoic acid were 420 

respectively the main fatty acids of pomegranate seed with the concentrations 9098.0, 4873.0, 421 

3147.0, 1960.0 and 1019.0 mg kg-1 and the relative standard deviations (RSD%) between 0.15-422 

11.57. 423 

Table 2 near here 424 

4 Conclusion 425 

In the present study, the VAE-DLLME-GC-MS technique was used for determination of the 426 

FAMEs in a standard mixture solution and in pomegranate seed sample in less than 20 min. 427 

Then, the GC-MS data were column-wise augmented with retention times as rows and m/z 428 

values as the columns of this data matrix. And finally, MCR-ALS was performed under 429 

application of proper constraints to obtain pure elution and mass spectral profiles along with 430 

calibration curves of the target FAMEs. Problems associated to the GC-MS analysis of FAMEs, 431 

such as elution time shifts, baseline/background contribution, and peak overlaps were 432 

successfully solved using MCR-ALS bilinear modeling of column-wise augmented data matrix. 433 

Furthermore, proper qualitative (RMF higher than 800) and quantitative (RE below 7.5% and 434 

RSD below 11.6%) results were obtained for both standard mixture and pomegranate seed 435 

samples. Therefore, it can be concluded that the proposed combined strategy (VAE-DLLME-436 

GC-MS coupled with MCR-ALS) is applicable for complex natural products containing different 437 

unknown interferences.  438 

 439 

 440 
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Figure captions 

Fig. 1: Flow chart explaining the different steps of the proposed strategy in this study. 

Fig. 2: Optimization of VAE-DLLME parameters. Effect of (a) extraction solvent, (b) extraction 

time, (c) preconcentration solvent, (d) volume of preconcentration solvent (blue line) and 

salt concentration (red line) on the extraction efficiency of FAs. The error bars represent 

the standard deviation of the measurements (n=3). 

Fig. 3: GC-MS TIC of FAMEs in (a) standard mixture and (b) pomegranate seed samples. 

Numbers are related to the components in Table 1. Regions A, B and C illustrate three 

investigated problematic regions due to coeluted components, uncalibrated interferences 

and low S/N ratio, respectively.  

Fig. 4: (a) TIC of region A and (b) MCR-ALS resolved elution profiles. Left peak: oleic acid 

methyl ester, middle peak: linoleic acid methyl ester and right peak: linolenic acid methyl 

ester. (c) MCR-ALS resolved mass spectra of oleic acid methyl ester, (d) linoleic acid 

methyl ester, (e) linolenic acid methyl ester, and (f), (g), & (h) standard mass spectra of 

them, respectively. 

Fig. 5: (a) Elution time shift occurred in different chromatographic runs at different standard 

samples, (b) resolved elution profile and baseline, (c) resolved mass spectral profile of 

target analyte (arachidic acid methyl ester), and (d) spectral background.  

Fig. 6: (a) Augmented data matrix for region B in pomegranate seed TIC along with standard 

calibration samples. S1-S6 show the calibration samples (different concentration levels of 

standards). (b) Resolved elution profiles, (c) Resolved mass spectral profile for target 

compound, and (d) standard mass spectrum from NIST library. 

Fig. 7: (a) Augmented data matrix for region C in pomegranate seed TIC and standard 

calibration samples (S1-S6 show the different calibration samples). (b) Resolved elution 

profiles of baseline (green line) and behenic acid methyl ester (blue peaks). (c) Enlarged 

S1 section of augmented data matrix and (d) resolved elution profiles. (e) Resolved mass 

spectral profiles of behenic acid methyl ester and (f) background. (g) Calibration curve of 

behenic acid methyl ester. 
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Fig. 4 

Page 28 of 33RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Fig. 5 
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Fig. 6 
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Fig. 7 
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Table 1. Characterization of FAMEs standard mixture in MCR-ALS and calibration steps. 

No. tR
a
  Chemical name Formula LOF (%)

b
 RMF

c
 

Calibration  

equation 

Calibration range 

(mg L
-1
) 

R
2 

(calibration) 
RE (%)

d
 

1   5.75 Caprylic acid methyl ester C9H18O2   7.25 969 y=0.0285x+0.0139 0.19-9.5 0.9970 4.22 

2   7.35 Capric acid methyl ester C11H22O2   8.87 971 y=0.0336x+0.0239 0.32-16 0.9971 4.14 

3   8.65 Lauric acid methyl ester C13H26O2 11.35 975 y=0.033x+0.0577 0.64-32 0.9976 3.76 

4   9.30 Tridecanoic acid methyl ester C14H28O2   8.99 964 y=0.0372x+0.0358 0.32-16 0.9977 3.71 

5   9.77 Myristoleic acid methyl ester C15H28O2 22.69 931 y=0.0401x+0.0242 0.19-9.5 0.9955 5.10 

6   9.84 Myristic acid methyl ester C15H30O2 10.93 955 y=0.0397x+0.0339 0.32-16 0.9967 4.43 

7 10.51 Pentadecanoic acid methyl ester C16H32O2 11.36 932 Internal standard - - - 

8 10.80 Palmitoleic acid methyl ester C17H32O2 14.39 977 y=0.0263x+0.0795 0.64-32 0.9906 7.46 

9 10.90 Palmitic acid methyl ester C17H34O2   8.43 959 y=0.0261x+0.1301 1.3-65 0.9959 4.97 

10 11.37 Heptadecanoic acid methyl ester C18H36O2 14.25 948 y=0.0345x+0.0331 0.32-16 0.9934 6.22 

11 11.75 Oleic acid methyl ester C19H36O2 18.83 708 y=0.0269x+0.0637 1.3-65 0.9986 2.21 

12 11.75 Linoleic acid methyl ester C19H34O2 18.83 708 y=0.0142x+0.0363 2.22-111 0.9989 1.96 

13 11.75 Linolenic acid methyl ester C19H32O2 18.83 718 y=0.0352x+0.0442 0.64-32 0.9989 1.98 

14 11.87 Stearic acid methyl ester C19H38O2 18.13 968 y=0.0264x+0.0798 0.65-32.5 0.9953 5.29 

15 12.73 11-Eicosenoic acid methyl ester C21H40O2 24.36 944 y=0.0375x+0.011 0.19-9.5 0.9964 4.61 

16 12.84 Arachidic acid methyl ester C21H42O2 17.02 961 y=0.0375x+0.018 0.19-9.5 0.9964 4.57 

17 13.94 Erucic acid methyl ester C23H44O2 24.13 945 y=0.0395x+0.0101 0.19-9.5 0.9956 5.07 

18 14.10 Behenic acid methyl ester C23H46O2 17.70 959 y=0.0376x+0.0205 0.19-9.5 0.9947 5.58 

a 
Retention time (min). 

b ����	��	��		
%� = �∑ e����� ∑ x������ 	× 100, where xij and eij are the elements of the matrices X and E, respectively. c Reverse match factor, 
the criterion of similarity between resolved and library search mass spectra. 

d ����	���	�����	
%� = ��∑ 
c� − c"���� /�∑ c��� $ × 100, where ci is the known 
concentration of standard i and �̂& is its calculated value using the calibration equation obtained from the overall volume integration (OVI) in TIC mode.  
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Table 2. Characterization of fatty acids in pomegranate seeds. 

No. Component LOF (%) RMF FAs amount
a
 RSD%

b
 

1 Caprylic acid    7.28 969 trace
c
   0.22 

2 Capric acid    8.88 971 trace   5.11 

3 Lauric acid 11.39 956 trace   1.84 

4 Tridecanoic acid   9.00 964 tarce   0.36 

5 Myristoleic acid  - -    n.d.
d
 - 

6 Myristic acid 10.95 955    47.81   0.15 

7 Pentadecanoic acid 11.24 943        IS
e
 - 

8 Palmitoleic acid 24.61 969     84.20 11.57 

9 Palmitic acid 12.22 957 3147.02   2.07 

10 Heptadecanoic acid 14.35 948    51.92   3.33 

11 Oleic acid   6.25 715 4873.71   5.78 

12 Linoleic acid   6.25 717 9098.23   6.16 

13 Linolenic acid - -       n.d. - 

14 Stearic acid 18.46 957 1960.16   1.97 

15 11-Eicosenoic acid 18.72 882 1019.36   4.98 

16 Arachidic acid  21.62 961   319.80   6.09 

17 Erucic acid  23.98 946     16.60 11.09 

18 Behenic acid 17.77 959     93.81    0.61 
a 
Amount

 
of fatty acids (mg kg

-1
) in pomegranate seeds.

 b 
Relative standard deviation based on OVIs. �'( = )

* ×
100, where s is the standard deviation and +	 is the mean calculated from the overall volume integration (OVI) in 
TIC mode.

 c
 Below the limit of quantification (LOQ) d Not detected. e Internal standard. 
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