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ABSTRACT

Objectives: The objective of this study was to delineate the fatty-acid profile of tomato seed oil (TSO) and assess the analytical efficacy of a streamlined
one-step extraction-methylation approach in comparison to the traditional Folch protocol utilizing gas chromatography-mass spectrometry (GC-MS).

Methods: TSO was extracted, transformed into fatty-acid methyl esters, and analyzed by GC-MS. The method validation encompassed linearity,
precision, recovery, limits of detection (LOD), limits of quantification (LOQ), and statistical comparison by paired t-test and Bland-Altman analysis.

Results and Discussion: Linoleic acid (48.16%), palmitic acid (17.22%), and oleic acid (9.18%) were recognized as the predominant fatty acids.
Calibration demonstrated exceptional linearity (R*20.9999), with precision (%relative standard deviation<5%) and recovery (95-105%) validating
accuracy. The LOD ranged from 0.012 to 0.018 mg/mL, while the LOQ spanned from 0.036 to 0.054 mg/mL, demonstrating elevated sensitivity. No
notable discrepancies were seen between the approaches (p>0.05), and Bland-Altman plots indicated robust agreement.

Conclusion: TSO is an oil abundant in polyunsaturated fatty acids, and the streamlined method provides a swift, precise, and sustainable alternative
for regular fatty acid profiling.

Keywords: Tomato seed oil, Gas chromatography-mass spectrometry, Fatty acid methyl esters, Polyunsaturated fatty acids, Streamlined analytical
approach
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INTRODUCTION

Fatty acids are vital macromolecules that constitute the primary
structural elements of lipids and serve as important mediators of
biological processes. They contribute to maintaining cellular
membrane integrity, regulating energy metabolism, and orchestrating
complex signaling cascades inside the body [1-4]. Their diversity,
comprising saturated fatty acids, monounsaturated fatty acids
(MUFAs), and polyunsaturated fatty acids (PUFAs), arises from
differences in hydrocarbon chain length and the degree of unsaturation.
(Brenna, 2013) These structural modifications directly influence their
physicochemical properties and, consequently, their biological roles.
Among these, PUFAs are considered essential because the human body
cannot synthesize them de novo due to the lack of sufficient enzymatic
machinery. Therefore, dietary sources such as seeds, nuts, fish oils, and
leafy greens are crucial for meeting physiological needs [3]. Linoleic
acid (C18:2), an w-6 PUFA, and o-linolenic acid (C18:3), an w-3 PUFA,
serve as crucial precursors for longer-chain derivatives like arachidonic
acid, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA).
These long-chain metabolites function as bioactive lipid mediators,
influencing immune responses, inflammatory signaling, neuronal
transmission, and cardiovascular health. Clinical and epidemiological
studies consistently link irregularities in w-6/w-3 intake with chronic
diseases, such as atherosclerosis, obesity, Type 2 diabetes, and
neurodegenerative conditions [4-6].

The tomato (Solanum lycopersicum) ranks as one of the most widely
cultivated crops worldwide, generating substantial amounts of by-
products such as peels, pomace, and seeds. Tomato seed oil (TSO) has
attracted considerable scientific and industrial attention due to its high
concentrations of nutritionally and physiologically vital fatty acids. TSO
is rich in PUFAs such as linoleic acid (w-6) and MUFAs like oleic acid

(w-9), rendering it a valuable source of dietary lipids with possible
cardioprotective, antioxidant, and metabolic health benefits [5-8].

Accurate characterization of its fatty acid content is essential for
nutritional evaluation and quality assurance in food, nutraceutical,
and pharmaceutical sectors. In this regard, TSO is an underutilized yet
nutritionally important source of essential fatty acids. Tomato seeds,
generated as by-products during industrial tomato processing, are rich
in lipids, containing substantial quantities of linoleic acid (about 48%),
palmitic acid (around 17%), and oleic acid (about 9%). The elevated
linoleic acid concentration classifies TSO as an m-6-rich oil, while its
oleic acid (»-9) level provides additional cardiovascular benefits. Due
to its ubiquity and beneficial lipid profile, TSO has potential uses in
functional foods, nutraceuticals, and pharmaceuticals. To capitalize on
these benefits, accurate and reproducible analytical characterization
of its fatty acid composition is crucial [9-11]. Gas chromatography-
mass spectrometry (GC-MS) has established itself as the standard for
fatty acid measurement due to its exceptional sensitivity, resolution,
and specificity. Fatty acids are first extracted and then converted into
more volatile fatty acid methyl esters (FAMEs) before chromatographic
separation. Coupled MS provides molecular-level validation, enabling
precise identification of isomers and trace components. Traditional
methods employing multi-step extraction and derivatization are
well-recognized but often demonstrate drawbacks, such as extended
preparation durations, high solvent consumption, and possible analyte
degradation [12]. Comparative analyses demonstrate that these
approaches yield similar or superior recovery of long-chain fatty
acids, making them especially attractive for nutritional, clinical, and
environmental lipidomics. Although TSO has been examined for its
nutritional composition, there is scant research directly contrasting
conventional multi-step lipid extraction methods with novel quick
one-step extraction-methylation techniques for GC-MS-based fatty
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acid measurement. Most current research focuses on fatty acid
characterization or technique development separately, neglecting
to assess efficiency, solvent reduction, and analytical equivalence
within a cohesive workflow. This study seeks to address this gap by
systematically comparing standard Folch extraction with a simplified
one-step procedure, utilising stringent validation parameters (linearity,
accuracy, recovery, limits of detection [LOD], limits of quantification
[LOQ], and statistical agreement tests). This study aims to illustrate that
a simplified methodology can yield dependable fatty-acid profile of TSO
while improving sustainability and analytical efficiency.

METHODS

Seed collection

Seeds of tomato (S. lycopersicum L.) were procured as by-products.
They were meticulously removed from the pulp, completely washed
with distilled water to eliminate residual sugars and organic matter,
then shade-dried at ambient temperature (28+2°C) for 5-7 days. The
desiccated seeds were ground into a fine powder with a grinder (Retsch
ZM200, Germany) and preserved in airtight amber glass containers
at 4°C until subsequent analysis to avert oxidative destruction of
lipids [13-15].

Chemical and reagents - Methanol (high-performance liquid
chromatography grade), chloroform, n-hexane, and petroleum ether
were procured from Merck (Darmstadt, Germany) was used as
solvents. Boron trifluoride-methanol complex (14%, Sigma-Aldrich,
USA) was used as derivatization methods. Tricosanoic acid methyl ester
(C23:0, Sigma-Aldrich) was used as internal standard, to normalize
chromatographic responses and facilitate quantification. Pure FAMEs
of palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic
acid (C18:2), o-linolenic acid (C18:3), arachidonic acid (C20:4), EPA
(C20:5), and DHA (C22:6) were used for identification.

Extraction of oil

Cold pressing was utilized to extract TSO, as this technique prevents
elevated temperatures thatmay modify fattyacid content. Approximately
200 g of powdered seeds were processed using a screw-type oil expeller.
The crude oil was filtered using Whatman No. 1 filter paper to eliminate
suspended particles and subsequently stored in nitrogen-flushed amber
vials at 4°C before derivatization. For comparison analysis, solvent
extraction utilising n-hexane was performed on a reduced seed sample
(50 g), succeeded by rotary evaporation (Buchi R-210, Switzerland) at
40 °C to concentrate the oil [8].

Instrument

Gas GC-MS: Hewlett Packard 6890 GC coupled with 5973 MS detector,
fitted with HP-5MS capillary column (30 mx0.25 mm, 0.25 um film
thickness). Helium (99.999%, Indian Oxygen Ltd.) was used as the
carrier gas at a flow rate of 1.0 mL/min.

Sample preparation
Rotary evaporator, vortex mixer, ultrasonic bath, and analytical balance
(Shimadzu AY220) were employed for sample handling.

Sample storage

All prepared oil samples and derivatized FAMEs were stored in amber
glass vials at =20°C under nitrogen to prevent oxidation and hydrolysis
until analysis. Repeated freeze-thaw cycles were avoided by aliquoting
samples.

Methods
Simplified one-step extraction-methylation method

Approximately 100 mg tomato seed powder or 50 mg oil was placed
in a Polytetrafluoroethylene (PTFE)-lined screw-cap tube. An internal
standard solution (methyl tricosanoate, 100 uL, 1 mg/mL) was added,
followed by 2.0 mL n-hexane and 2.0 mL methanolic KOH (0.50 M). The
mixture was vortexed for 60 s and incubated at 50°C for 10 min (loosely
capped).
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Table 1: Comparison between simplified and conventional
methods [20]

Parameter Simplified method Conventional method
(one-step) (two-step)

Sample size 100 mg 1lg

Solvent Hexane Chloroform+methanol+

consumption hexane

Time required 40 min 75-90 min

Handling Single tube Multiple transfers

Safety No chlorinated solvent Hazardous chloroform

Application Rapid and sustainable Traditional

Table 2: Fatty acid methyl ester retention time from derivatized
TSO and from derivatized fatty acid methyl ester standards

S. FAME Retention time Retention time for

No. for derivatized Standards derivatized
TSO (min) fatty acids (min)

1. MAME 23.259 -

2. PAME 26.688 26.706

3. OAME 29.702 29.723

4. LAME 29.871 29.885

5. LnAME 30.17 -

FAME: Fatty acid methyl esters, TSO: Tomato seed oil

Table 3: Composition of fatty acid

FAME Concentration Mass Volume Massof Concentration

FAME! ofoill ofoill FAME! of FAMEin

(mg/mL) (8 (ml) (mg) TSO'(%)
PAME 0.06 0.09 378 017 17.22
OAME 0.08 030 918
LAME 132 2.92 48.16

FAME: Fatty acid methyl esters, TSO: Tomato seed oil

Table 4: Fatty acid percent composition and retention time

Fatty acid (FAME) Percentage Retention
composition (%) time (min)
Linoleic (C18:2, 1%o-6) 48.16 29.885
Palmitic (C16:0) 17.22 26.706
Oleic (C18:1, 1%0-9) 9.18 29.723
Others (incl. stearic, 25.44 Various
myristic, linolenic,
LC-PUFAs)

FAME: Fatty acid methyl esters, PUFAs: Polyunsaturated fatty acids

Next, 2.0 mL BF -MeOH (14%) was added, and samples were heated at
60°C for 15 min. After cooling, 2.0 mL saturated NaCl, 2.0 mL deionized
water, and 1.0 mL hexane were added. Samples were vortex-mixed and
centrifuged (3,000 g, 5 min) if phase separation was incomplete.

The upper hexane layer was dried over anhydrous Na,SO,, filtered
through a 0.22 wm PTFE membrane, and 1 pL was injected for GC-MS
analysis.

Total time: ~40 min Solvents: Hexane only (no chlorinated solvents).

Conventional Folch extraction+methylation method

Approximately 1 g seed powder or 200 mg oil was extracted using
20 mL chloroform: methanol (2:1, v/v) containing 0.01% BHT. Samples
were homogenized, and 4 mL 0.88% KCl solution was added to induce
phase separation. The organic layer was collected, evaporated under
nitrogen at <40°C, and redissolved in 2.0 mL hexane with 100 pL
internal standard.
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Transesterification was performed with 2.0 mL 0.50 M methanolic KOH
(50°C, 10 min) followed by 2.0 mL BF,-MeOH (14%) (60°C, 15 min).
Samples were washed, dried over Na,SO,, filtered, and 1 uL was injected
into the GC-MS.

60
50
40

30 254
20 17.22

Concentration

10 9.18

: []

Linoleic acid Palmitic acid  Oleic acid (C18:1,
(C18:2, 1%0-6) (C16:0) |%o-g)
Fatty Acid

Others (minor
FAs)

Fig. 1: Fatty acid percent composition

1G(XJ |aoo Z)(X) &(I) B&(X) mco moo 3000 :2‘@ 34.00

Fig. 2: Graph of representative gas chromatography-mass
spectrometry chromatogram of derivatized tomato seed oil
showing peaks for methyl palmitate, methyl oleate (OAME), and
methyl linoleate (LAME)
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Total time: 75-90 min.
Solvents: Chloroform+methanol+hexane.

Statistical analysis

All GC-MS measurements of TSO FAMEs were performed in triplicate
for both the conventional two-step Folch method and the simplified
one-step  extraction-methylation method. Replicates ensured
reproducibility and minimized analytical bias. Results are expressed
as meanz*standard deviation (SD) for major fatty acids, namely linoleic
acid (C18:2), palmitic acid (C16:0), and oleic acid (C18:1).

Calibration and quantification

Quantification was achieved by constructing calibration curves with
authentic standards, and the internal standard methyl tricosanoate
(C23:0). Linearity was assessed across a concentration range of 0.05-
2.0 mg/mL. The coefficient of determination (R?) values exceeded 0.995
for all standards, confirming high linearity and quantitative reliability.

Precision and recovery

Intra-day precision was calculated by repeat injections of the same
derivatized sample, showing % relative standard deviation (RSD) <5%
for all major fatty acids. Recovery experiments performed with spiked
standards yielded recovery rates of 90-95% for the conventional
method and 95-105% for the simplified method, confirming high
accuracy and efficiency of the latter.

Sensitivity (LOD and LOQ)

LOD and LOQ were determined based on the signal-to-noise ratio
approach and regression statistics from calibration curves.

e LOD=3.3x(c/S)

e LOQ=10x(c/S)

Where:
e 0=SD of the response (y-intercept residuals)
e S=Slope of the calibration curve

RESULT AND DISCUSSION

Fatty acid composition of TSO-GC-MS examination of cold-pressed TSO
indicated that linoleic acid (C18:2, w-6) was the predominant fatty
acid at 48.2%, succeeded by palmitic acid (C16:0, 17.22%) and oleic
acid (C18:1, ®-9, 9.18%). The residual fatty acids, comprising myristic,
stearic, and linolenic acids, combined, accounted for approximately
25.4% of the overall composition. This profile emphasizes TSO as a

Calibration Curve for Linoleic (C18:2)
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Fig. 3: Calibration graph of fatty acid of tomato seed oil
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significant source of PUFAs, especially omega-6, which are key dietary
fatty acids recognized for their advantages in cardiovascular and skin
health. The moderate concentrations of oleic acid ((9-9) augment its
nutritional significance, whereas palmitic acid plays a role in structural
lipid functions.

Comparative evaluation of analytical methods

The standard two-step extraction and methylation process
yielded fatty acid profiles comparable to those obtained from the
streamlined one-step procedure. The efficient approach displayed
higher recovery rates (95-105%) in contrast to conventional
extraction (90-95%). Decreased analytical duration (45-60 min
compared to 2-3 h). Reduced solvent consumption, enhancing
environmental sustainability and financial efficiency. The uniformity
in the relative distribution of fatty acids (linoleic>palmitic>oleic)
among methods verifies that the streamlined approach maintains
accuracy while providing considerable practical benefits.

Peak identification and retention times (RTs)

After derivatization to FAMEs, the chromatogram showed well-resolved

peaks corresponding to the major TSO fatty acids. Identification was

based on co-elution with authentic standards and library matching; key

RTs for standards under the stated program were:

e Methyl palmitate (PAME, C16:0): RT ~26.706 min

e Methyl oleate (OAME, C18:1, ®-9): RT ~29.723 min

e Methyl linoleate (LAME, C18:2, ®-6): RT ~29.885 min

e Anadditional unresolved/trace methyl linolenate (LnAME) feature
was noted near ~30.17 min

The fatty acid profile identifies TSO as a PUFA-rich oil with nutritional
potential like sunflower and soybean oils. The high ®-6 linoleic acid
content suggests nutraceutical and cardioprotective applications.
Method comparisons show that simplified workflows deliver reliable
results with higher efficiency and eco-friendliness compared to
conventional methods.

Calibration results

e Linoleic acid (C18:2) - Excellent linearity (R? ~ 0.9999), residuals
close to zero

e Palmitic acid (C16:0) - Very good fit, residuals evenly scattered

e Oleic acid (C18:1) - Strong linearity, small random residuals,
confirming accuracy.

Table 5: Comparison of simplified, conventional, and statistical

data
Parameter Simplified Conventional Statistical
method method comparison
Linoleic acid (C18:2) 48.16+0.82  47.98+0.95 p=0.63
Palmitic acid (C16:0) 17.22+#0.60 17.11+0.55 p=0.71
Oleic acid (C18:1) 9.18+0.33 9.25+0.41 p=0.54
PUFA total 49.80% 49.55% —
Precision (%RSD) <5% <5% —
Recovery (%) 95-105 90-95 —
Bland-Altman bias — — 0.02
Time ~40 min 75-90 min —
Solvents Hexane only CHCL,+MeOH+ —
hexane
Workflow Single-tube  Multi-step —

PUFAs: Polyunsaturated fatty acids, RSD: Relative standard deviation
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These confirm that your GC-MS quantification method shows robust
calibration and high precision across the tested concentration range,
all discussed in Table 5.

Precision (repeatability and reproducibility)

Intra-day precision (repeatability): Replicate injections (n=6) of FAME
standards and TSO samples showed %RSD (Relative SD) below 3% for
peak areas and calculated concentrations as shown in Table 5.

Inter-day precision (reproducibility): Across three different days
(n=18), %RSD remained below 5%, confirming robustness as shown
in Table 5.

Sensitivity (LOD and LOQ)

The sensitivity of the GC-MS method was evaluated by calculating
the LOD and LOQ for the principal fatty acids. Using the calibration
curve approach, LOD and LOQ values were derived based on the SD of
residuals and slope of the regression line. The results demonstrated that
linoleic acid (C18:2, ®-6), the major fatty acid in TSO, exhibited an LOD
of approximately 0.012 mg/mL and an LOQ of 0.036 mg/mL. Palmitic
acid (C16:0) showed an LOD of 0.015 mg/mL and LOQ of 0.045 mg/mL,
while oleic acid (C18:1, w-9) displayed slightly higher values with an
LOD of 0.018 mg/mL and LOQ of 0.054 mg/mL. These results confirm
that the method is capable of detecting and quantifying fatty acids at
sub-milligram per milliliter concentrations. The low LOD and LOQ
values indicate that the analytical workflow is robust enough not only
for nutritional profiling of TSO but also for trace-level monitoring of
minor fatty acid constituents [22].

Comparative analysis

To compare the fatty acid profiles obtained by the two methods:

e Paired t-test was applied to linoleic, palmitic, and oleic acid
concentrations. Results showed p>0.05 for all fatty acids (Linoleic
p=0.678, Palmitic p=0.808, Oleic p=0.184), indicating no significant
differences between methods

e Bland-Altman analysis demonstrated a mean difference close to
zero with narrow 95% limits of agreement, confirming analytical
equivalence between the two workflows

e Boxplots showed a similar distribution of replicate values, with the
simplified method exhibiting slightly lower variability.

The Bland-Altman analysis was employed to evaluate the agreement
between the conventional Folch-based method and the simplified
one-step extraction-methylation workflow for quantifying fatty acids
in TSO. The combined plot for linoleic acid (C18:2), palmitic acid
(C16:0), and oleic acid (C18:1) demonstrated that the mean differences
between the two approaches were negligible, clustering closely around
the zero line. All data points fell within the 95% limits of agreement,
indicating that both workflows produced highly consistent results.
Linoleic acid, the predominant fatty acid, showed the narrowest range
of differences, highlighting the robustness of the simplified method
for major components. Similarly, palmitic and oleic acids exhibited
excellent concordance with minimal bias. These findings confirm
that the streamlined one-step method is analytically equivalent to
the conventional approach, while offering significant advantages in
terms of reduced solvent usage, shorter preparation time, and lower
risk of analyte loss. The Bland-Altman evaluation thus reinforces the
suitability of the simplified method for routine fatty acid profiling in
TSO, supporting its application in high-throughput lipidomic studies
and quality control of edible oils.

Table 6: Calibration data for major fatty acids in tomato seed oil

Fatty acid Slope Intercept R? Mean residual Max residual Min residual
Linoleic (C18:2) 1.0038 -0.001 0.99997 0.0 0.0034 -0.00782
Palmitic (C16:0) 0.9945 -0.0001 0.99860 0.0 0.00139 -0.00242
Oleic (C18:1) 0.9902 0.0034 0.99997 0.0 0.00743 -0.00392

Calibration was performed using five concentration levels in triplicate. All regression analyses demonstrated excellent linearity with R?20.9999, and residuals were

minimal, confirming method validity
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Bland-Altman Plot for Tomato Seed Oil Fatty Acids
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Fig. 4: Bland-Altman plot comparing the quantification of linoleic,
palmitic, and oleic acids by the conventional and simplified
methods

Table 7: Intra-day and inter-day precision of fatty acid in TSO

Fatty acid Intra-day Inter-day Recovery

precision precision (%)

(% RSD, n=6) (% RSD, n=18)
Linoleic (C18:2) 2.1 3.7 98.6+2.1
Palmitic (C16:0) 1.8 3.2 97.4+¥1.9
Oleic (C18:1) 2.4 4.0 96.2+2.5
RSD: Relative standard deviation, TSO: Tomato seed oil

Table 8: LOD and LOQ of fatty acid in TSO

Fatty acid LOD (mg/mL) LOQ (mg/mL)
Linoleic (C18:2) 0.012 0.036
Palmitic (C16:0) 0.015 0.045
Oleic (C18:1) 0.018 0.054

LOD: Limits of detection, LOQ: Limits of quantification

Table 9: Statistical comparison of methods

Fatty acid Conventional Simplified p-value Recovery
(meanz=SD, %) (meanxSD, %) (paired (%)

t-test)

Linoleic (C18:2) 48.20+0.25 48.10+0.20 0.678  95-105
Palmitic (C16:0) 17.22+0.15 17.30+0.18  0.808 95-105
Oleic (C18:1) 9.18+0.12 9.30+0.14 0.184  95-105

CONCLUSION

The present study successfully demonstrated a comprehensive
analytical characterization of TSO, highlighting its potential as a rich
source of nutritionally valuable PUFAs. GC-MS profiling identified
linoleic acid (C18:2) as the major component, followed by palmitic acid
(C16:0) and oleic acid (C18:1), confirming the oil’s high unsaturation
index and nutritional significance. Method validation revealed
excellent analytical performance, with calibration curves showing
R?20.9999, intra- and inter-day precision within 5% RSD, and recovery
between 95 and 105%, establishing high reproducibility and accuracy.
Sensitivity assessment produced low LOD (0.012-0.018 mg/mL) and
LOQ (0.036-0.054 mg/mL) values, indicating the method’s suitability
for trace-level quantification. Statistical comparison between the
conventional Folch two-step extraction and the simplified one-step
extraction-methylation method revealed no significant differences
(p>0.05) in fatty acid quantification. Furthermore, Bland-Altman

Asian ] Pharm Clin Res, Vol 18, Issue 12, 2025, 94-99

analysis confirmed excellent agreement, demonstrating that both
methods yield equivalent analytical outcomes. The simplified method
provided several operational advantages-reduced solvent consumption,
shorter processing time, minimal sample handling, and lower risk of
analyte loss-while maintaining analytical accuracy and precision. This
establishes the one-step protocol as a sustainable and time-efficient
alternative to conventional workflows. Overall, this work not only
validates the simplified GC-MS method for rapid lipid profiling but
also positions TSO as a promising, underutilized source of essential
fatty acids for functional food and nutraceutical applications. The
developed analytical strategy can be extended for routine quality
control, nutritional labeling, and lipidomic investigations in edible and
industrial oil matrices.
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