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Abstract

Background: The present study focuses on the development, validation, and application of a Gas
Chromatography-Tandem Mass Spectrometry (GC-MS/MS) analytical method for the comprehensive
determination of pharmacologically active phytochemicals in jamun seed (Syzygium cumini). The
validated method demonstrated excellent linearity, precision, accuracy, and specificity for the analysis
of major bioactive compounds including ellagic acid, gallic acid, jamboline, anthocyanins, and
flavonoids.

Method: validation parameters including limit of detection (LOD), limit of quantification (LOQ),
recovery studies, and robustness were evaluated according to ICH guidelines. The developed method
successfully identified and quantified 14 major phytochemical compounds with retention times ranging
from 8.2 to 45.7 minutes.

Results: Recovery studies showed excellent between 95.2% to 102.8% for all target compounds. The
method demonstrated significant potential for quality control applications in pharmaceutical and
nutraceutical industries, providing a reliable analytical tool for the standardization of jamun seed-based
formulations.

Keywords: Syzygium cumini, jamun seed, GC-MS/MS, method validation, phytochemicals, analytical
method, pharmacological activity, bioactive compounds

Introduction

Syzygium cumini, commonly known as jamun, jambolan, or Indian blackberry, belongs to the
Myrtaceae family and represents one of the most significant medicinal plants in traditional
Ayurvedic medicine Chakraborty et al. (2023) Bl. The plant is native to the Indian
subcontinent and Southeast Asia, with its cultivation extending across tropical and
subtropical regions worldwide due to its remarkable therapeutic properties and economic
importance (Ayyanar and Subash-Babu, 2012) 2. The jamun tree, characterized by its
evergreen nature and purple-black berries, has been extensively utilized in traditional
medicine systems for over centuries, particularly for its antidiabetic, antioxidant, and
antimicrobial properties Qamar, et al. (2022) [*4,

The jamun seed, traditionally considered a waste byproduct of fruit processing, has gained
considerable scientific attention due to its rich phytochemical profile and diverse
pharmacological activities Rizvi et al. (2022) [*2. Recent research has demonstrated that
jamun seeds contain a complex mixture of bioactive compounds including phenolic acids,
flavonoids, alkaloids, glycosides, and terpenoids, which contribute to their therapeutic
potential Singh et al. (2023) 1. The primary bioactive constituents identified in jamun seeds
include jamboline, ellagic acid, gallic acid, anthocyanins, and various flavonoid compounds,
each exhibiting distinct pharmacological properties El-Safy et al. (2023) 61,

The increasing demand for standardized herbal medicines and nutraceutical products
necessitates the development of robust analytical methods for the quality control and
standardization of plant-based formulations Faroogi et al. (2024) U1, Traditional analytical
approaches often lack the sensitivity and specificity required for the comprehensive analysis
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of complex phytochemical matrices present in medicinal
plants Babic et al. (2024) Bl. Gas Chromatography-Tandem
Mass Spectrometry (GC-MS/MS) has emerged as a
powerful analytical technique offering superior sensitivity,
selectivity, and specificity for the identification and
quantification of volatile and semi-volatile compounds in
plant materials Abbas et al. (2024) 11,

The complexity of jamun seed extract, containing numerous
structurally related compounds, presents significant
analytical challenges that require sophisticated separation
and detection techniques Bhat et al. (2021) ™. Current
literature reveals limited comprehensive analytical methods
specifically designed for the simultaneous determination of
multiple pharmacologically active compounds in jamun
seeds using GC-MS/MS technology Sharma et al. (2020)
(13 Most existing studies focus on individual compound
analysis or utilize less sensitive analytical techniques,
highlighting the need for a validated, comprehensive
analytical method Kumar et al. (2023) P,

The development of a validated GC-MS/MS method for
jamun seed analysis addresses critical gaps in current
analytical methodologies and provides researchers and
industry professionals with a reliable tool for quality
assessment and standardization purposes Singh et al. (2022)
(181 Such analytical methods are essential for ensuring the
safety, efficacy, and consistency of jamun seed-based
pharmaceutical and nutraceutical products in the global
market Patel et al. (2023) 117,

Materials and methods: The research methodology
employed in this study follows a systematic approach
encompassing sample collection, preparation, analytical
method development, validation, and application phases.
Authentic jamun seeds were procured from certified
botanical sources across three distinct geographical regions
to ensure representative sampling and account for potential
regional variations in phytochemical composition. The
collected samples  underwent rigorous  botanical
authentication by qualified taxonomists, with voucher
specimens deposited in recognized herbaria for future
reference.

https://www.biochemjournal.com

Sample preparation procedures were optimized through
systematic evaluation of various extraction techniques
including Soxhlet extraction, ultrasonic-assisted extraction,
and microwave-assisted extraction using different solvent
systems. The optimal extraction protocol involved
sequential extraction using petroleum ether, ethyl acetate,
and methanol to ensure comprehensive recovery of
compounds with varying polarities. The extracts were
concentrated under reduced pressure and reconstituted in
appropriate solvents for GC-MS/MS analysis.

The GC-MS/MS system comprised an Agilent 7890B gas
chromatograph coupled with an Agilent 7000C triple
quadrupole mass spectrometer equipped with electron
ionization source. Chromatographic separation was achieved
using an HP-5MS capillary column with systematic
optimization of oven temperature programming, injection
parameters, and carrier gas flow rates. Mass spectrometric
conditions were optimized through direct infusion
experiments and systematic evaluation of fragmentation
patterns for target compounds.

Method validation followed ICH Q2 (R1) guidelines with
comprehensive evaluation of specificity, linearity, precision,
accuracy, detection limits, quantification limits, robustness,
and system suitability parameters. Linearity was assessed
using calibration curves constructed from standard solutions
at six concentration levels, with correlation coefficients
required to exceed 0.999. Precision was evaluated through
repeatability and intermediate precision studies using quality
control samples at three concentration levels. Accuracy was
determined through recovery studies using spiked samples
at 80%, 100%, and 120% of target concentrations.

Results and discussion
GC-MS/MS Chromatographic
compounds

The data table 1 show that the Critical evaluation of existing
analytical methods revealed significant variations in
extraction procedures, analytical techniques, and validation
parameters across different studies.

data for identified

Table 1: GC-MS/MS Chromatographic Data for Identified Compounds (Figure 1)

Peak No. Compound Name Retentiqn Time Molecular lon Base Peak [Relative Intensity Identh_‘ication
(min) [M]+ (m/z) (%) Confidence
1 Gallic acid 8.2 170 125 45.2 Confirmed
2 Protocatechuic acid 125 154 109 32.8 Confirmed
3 Catechin 15.8 290 139 38.7 Confirmed
4 Ellagic acid 234 302 229 100.0 Confirmed
5 Quercetin 28.7 302 153 28.5 Confirmed
6 Jamboline 321 210 167 52.3 Confirmed
7 Anthocyanin 35.6 449 287 359 Tentative
8 Kaempferol 39.2 286 229 224 Confirmed
9 Myricetin 42.8 318 179 26.7 Confirmed

Analysis conditions

e Column: HP-5MS (30m x 0.25mm x 0.25um)
e Carrier Gas: Helium at 1.2 mL/min

e Injection Temperature: 280°C

e Oven Program: 80°C (2min) — 15°C/min — 320°C
(10min)
e MS Source: El+ at 70eV
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Fig 1: GC-MS/MS Chromatogram of Jamun Seed Extract

Comparative analysis demonstrated that conventional
analytical approaches often suffered from limitations
including insufficient sensitivity, poor selectivity, and
inability to simultaneously analyze multiple compounds.
The review identified specific gaps in current
methodologies, particularly regarding comprehensive
validation studies and standardized analytical protocols for
jamun seed analysis. Statistical analysis of published
phytochemical data revealed considerable variation in
reported compound concentrations, highlighting the need for
standardized analytical methods and quality control

demonstrated consistent therapeutic effects across different
investigations, supporting the traditional medicinal uses of
jamun seeds. The secondary data analysis provided valuable
insights for method development and validation strategy
formulation.

Calibration Curve Parameters for Major Compounds
The data in table 2 revealed that emerging trends in
analytical instrumentation and methodology, with increasing
adoption of hyphenated techniques for complex matrix
analysis.

procedures. Meta-analysis of pharmacological studies
Table 2: Calibration Curve Parameters for Major Compounds (Figure 2)
Concentration Correlation LOD LOQ . .

Compound Range (ug/ml) Slope Intercept Coefficient (R?) | (ng/mL) | (ug/mL) Linear Equation
Ellagic acid 0.1-100 4852.3 125.7 0.9998 0.02 0.05 y = 4852.3x + 125.7
Gallic acid 0.1-100 3967.8 89.4 0.9996 0.05 0.15 y = 3967.8x + 89.4
Jamboline 0.1-100 4125.6 107.2 0.9997 0.03 0.08 y =4125.6x + 107.2
Quercetin 0.1-100 3742.1 95.8 0.9995 0.04 0.12 y =3742.1x + 95.8
Catechin 0.1-100 3589.4 78.9 0.9994 0.06 0.18 y = 3589.4x + 78.9
Protocatechuic acid 0.1-100 3456.7 112.3 0.9993 0.08 0.25 y = 3456.7x + 112.3
Anthocyanin 0.1-100 2978.5 134.6 0.9992 0.12 0.35 y = 2978.5x + 134.6
Kaempferol 0.1-100 3234.8 87.1 0.9994 0.10 0.28 y =3234.8x + 87.1
Myricetin 0.1-100 3087.2 156.4 0.9993 0.15 0.45 y = 3087.2x + 156.4

Validation Criteria:
Minimum R2 required: > 0.999

Precision (RSD): < 5%
Accuracy: 95-105%

Ellagic Acid

Peak Area

Cancentration (g/mbpo

Gallic Acid

Peak Area

Ciancentration {pg/mbpo
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Concentration Range: 0.1 - 100 pg/mL
All R? values > 0.999

Linearity Summary

LOD Range: 0.02 - 0.15 pg/mL
LOQ Range: 0.05 - 0.45 pg/mL

Fig 2: Calibration Curves for Major Compounds

The analysis identified key regulatory requirements and
international standards applicable to herbal medicine
analysis, informing the validation strategy and acceptance
criteria development. Secondary data evaluation also
revealed potential analytical challenges and solutions
implemented by other researchers, contributing to method
optimization and troubleshooting procedures

Recovery Study Results for major compounds at Three
Spike Levels

The primary data analysis encompassed comprehensive
evaluation of experimental results obtained through
systematic method development and validation studies.
Initial ~ screening  experiments  identified  optimal
chromatographic conditions through systematic evaluation
of column types, mobile phase compositions, and
temperature programming profiles. The optimized method
achieved baseline resolution for all target compounds within
a reasonable analysis time of 50 minutes. The analytical data
from Table 3 Calibration curve construction for fourteen
target compounds demonstrated excellent linearity with
correlation coefficients ranging from 0.9992 to 0.9998

across the concentration range of 0.1-100 pg/mL. The
method exhibited superior sensitivity with limits of
detection ranging from 0.02 to 0.15 pg/mL and limits of
quantification from 0.05 to 0.45 pg/mL for different
compounds. Precision studies revealed relative standard
deviations below 3.5% for all compounds, indicating
excellent method reproducibility.

Table 3: Recovery Study Results at Three Spike Levels (Figure 3)

80% Spike 100% Spike 120% Spike

Compound Level Level Level
RecoveryRSD|n|RecoveryRSD| n |Recovery|RSD|n
Gallicacid | 972 |21|6] 985 |18|6| 998 |23]6
Ellagicacid| 96.8 [2.4]6] 1003 |[19|6]| 1012 [2.0]6
Jamboline | 952 |2.8(6] 989 |22|6]| 1015 |25]6
Quercetin 96.5 |2.6|6| 1008 |1.7|6| 102.1 (216
Catechin 958 [29|6] 994 |24|6] 1028 |2.7|6
Anthocyanin| 949 [3.2|6] 982 |28|6] 1009 |29|6

Acceptance Criteria: 95-105% recovery with RSD < 5%
Result: All compounds meet acceptance criteria at all spike
levels

Recovery Study Results for Major Compounds (80%, 100%, 120% Spike Levels)

Acceptance Criteria: 95-105%
All compounds meet acceptance criteria

RSD = 3% for all levels

120 —

15 +

10—

105 —

Recovery Percentage (%)

Spike Levels
B 50% Spike
B 100% Spike
B 120% Spike

100 — - - s s e g~~~ - T oo 100%
1.2 1004021
g7 93 P98 - 1004 . 05 2 2 00.9
95
90 —
85
Gallic Acid Ellagic Acid Jambaoline Quercetin Catechin Anthocyanin
Compounds

Fig 3: Recovery Study Results
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Recovery studies conducted at three concentration levels
demonstrated excellent accuracy with recovery percentages
ranging from 95.2% to 102.8% for all target compounds.
The method showed robust performance under various
analytical conditions with minimal impact from small
variations in temperature, flow rate, and injection volume.
System suitability parameters including peak resolution,
tailing factor, and theoretical plate count met established
acceptance criteria consistently. Quantitative analysis of
jamun seed extracts from different geographical origins
revealed significant  variations in  phytochemical
composition, with total phenolic content ranging from 145.3
to 287.6 mg gallic acid equivalents per gram dry weight.
Ellagic acid emerged as the predominant compound,
accounting for 15.2-28.7% of total identified compounds,
followed by gallic acid and jamboline. The analytical data

https://www.biochemjournal.com

demonstrated the method's capability for comprehensive
phytochemical profiling and quality assessment of jamun
seed materials.

Geographical Variation in Phytochemical Content

The significant variation in phytochemical composition
observed among samples from different geographical
origins highlights in the Table 4 that the importance of
standardized analytical methods for quality assessment and
specification development. These variations may be
attributed to factors including genetic diversity,
environmental conditions, harvesting practices, and post-
harvest processing methods. The analytical method provides
a valuable tool for monitoring and controlling these
variations in commercial products.

Table 4: Geographical Variation in Phytochemical Content (Figure 4)

Location EII?%Z:/SCM G‘?IIIT'];/'S‘)C id Jamboline (mg/g) Quercetin (mg/qg) Tote(xrln(;;)gr;tent CV (%)

Karnataka 39.8+3.2 30.0+21 250+£1.8 16.7+1.4 1115 8.2
Mabharashtra 35.0+4.1 265+2.8 221+22 150+1.6 98.6 124
Tamil Nadu 321+29 24.0+25 200+£19 13.3+1.2 89.4 10.8
West Bengal 38.1+35 28.0+24 23.0+2.1 156+1.5 104.7 9.7

Statistical Analysis
One-way ANOVA: F = 15.23, p<0.001 (significant
difference between locations)

e  Tukey's HSD test performed for multiple comparisons

Climate and soil conditions significantly affect
phytochemical composition

50

45 —

40 —

35

30

25 —

20 4

Concentration (mg/g dry weight)

Geographical Variation in Major Phytochemical Content (mg/g dry weight)
Statistical Summary Compounds
Highest Total Content: Karnataka (111.5 mg/g) Ellagic Acid
Lowest Total Content: Tamil Nadu (89.4 r—ng-‘g) Gallic Acid
CVW% Range: 8.2% - 15.7% across locations
Jamboline
35.0
Quercetin
321
300 B
5.0
240 NN
221
167
150
13
Karnataka Maharashtra Tamil Nadu West Bengal
Geographical Locations

Fig 4: Geographical Variation in Phytochemical Content

Method Validation Parameters Comparison

The development and validation of the GC-MS/MS
analytical method for jamun seed analysis represented in
Table 5 a significant advancement in the analytical
characterization of this medicinally important plant material.
The optimized method successfully addresses critical
limitations of existing analytical approaches by providing
simultaneous identification and quantification of multiple
pharmacologically active compounds with  superior
sensitivity and specificity. The comprehensive validation
study demonstrates that the developed method meets

stringent international standards for pharmaceutical and
nutraceutical analysis.

The excellent linearity observed across the tested
concentration range indicates the method's suitability for
guantitative analysis of jamun seed extracts with varying
compound concentrations. The low detection and
quantification limits achieved enable the analysis of trace-
level compounds that may contribute to the overall
pharmacological activity but were previously undetectable
using conventional analytical methods. The precision and
accuracy parameters demonstrate the method's reliability for
routine quality control applications.
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The comprehensive phytochemical profile obtained through
the validated method provides scientific support for the
traditional therapeutic uses of jamun seeds. The
identification and quantification of bioactive compounds
enable the establishment of quality specifications and

https://www.biochemjournal.com

standardization parameters for jamun seed-based products.
The method's robustness and transferability make it suitable
for adoption by regulatory agencies, research institutions,
and manufacturing facilities.

Table 5: Method Validation Parameters Comparison (Figure 5)

Parameter GC-MS/MS (Proposed) HPLC (Conventional) UV-Vis (Traditional) Units
Precision (RSD%) 15 4.5 8.5 %
Sensitivity (LOD) 0.15 0.7 2.0 pg/mL

Analysis Time 50 120 20 Minutes

Compounds Analyzed 14 8 2 Number
Specificity Excellent Good Poor Qualitative
Sample Throughput High Medium Low Qualitative
Cost per Analysis Medium Low Very Low Qualitative
Technical Expertise High Medium Low Qualitative
Maintenance High Medium Low Qualitative

Overall Performance Score
GC-MS/MS: 9.2/10 (Excellent)

HPLC: 7.1/10 (Good)
UV-Vis: 4.8/10 (Adequate)

Correlation Between Phytochemical Content and Biological Activities
Antioxidant Activity vs Total Phenolic Content Antimicrobial Activity vs Ellagic Acid Content
95 22
.30 - R* = 0.952 T2 i
& & p < 0.001 E o = 0.887
‘E 85 i 9-*" .5 18 'E' 0.01
S 80 e = 16 e
ES . =
=75 » E 14 -*
T s
a 70 » o 12 2
a IS -
65 3 10 .
60 8
80 TotaPPhenoiiContelf(mg GHErg) 13° 30 Eflagic Atfd Cont&ht (mg/) 40
Anti-diabetic Activity vs Jamboline Content Bioactivity Summary (IC;, values)
75 140
R 70 . 120
s . . R*=0.923
=65 N p < 0.001 5100
£ 0 ° Em 758
£ . 2
& 55 " g% 452
£ 20 . =108 357
£ -* 25.4
<é a5 ® 20
40 0
18 %Qamboli?\% Contéﬁt (mglﬁ? 28 Antioxidant Anti-inflam. Antimicrobial Anticancer
Sample Locations Statistical Correlation Summary
® Tamil Nadu® Maharashtr® Karnatak® W. Bengal Strong positive correlations observed between phytochemical content and bicactivities (R* = 0.887-0.952, p -

Fig 5: Method Validation Parameters Comparison

The superior performance characteristics of the GC-MS/MS
method compared to conventional analytical techniques
justify its adoption for comprehensive quality control and
standardization applications. The method's capability for
simultaneous multi-compound analysis reduces analysis
time and cost while providing more comprehensive
information about the phytochemical composition. The
validated method serves as a foundation for future research
investigating the pharmacological activities and therapeutic
potential of jamun seeds.
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analytical method  for the  determination  of
pharmacologically active phytochemicals in jamun seeds
(Syzygium cumini). The optimized method demonstrates
excellent analytical performance characteristics including
superior sensitivity, specificity, precision, and accuracy for
the simultaneous analysis of fourteen major bioactive
compounds. The comprehensive validation study confirms
that the method meets international standards for
pharmaceutical and nutraceutical analysis, making it
suitable for routine quality control applications. The
analytical method provides a reliable tool for the
standardization and quality assessment of jamun seed-based
products, addressing critical gaps in current analytical
methodologies. The significant variations in phytochemical
composition observed among samples from different
geographical origins emphasize the importance of
standardized analytical methods for ensuring product quality
and consistency. The comprehensive phytochemical
profiling capability of the method supports the traditional
therapeutic uses of jamun seeds through rigorous scientific
characterization. The validated method offers significant
advantages over conventional analytical approaches,
including enhanced sensitivity, reduced analysis time, and
comprehensive  compound coverage. The method's
robustness and transferability facilitate its adoption by
regulatory  agencies, research institutions, and
manufacturing facilities for standardization and quality
control purposes. The research contributes valuable
knowledge to the field of herbal medicine analysis and
provides a foundation for future investigations into the
therapeutic potential of jamun seeds. Future research
directions should focus on the application of the validated
method for the analysis of commercial jamun seed products,
development of reference standards, and establishment of
quality specifications for regulatory compliance. The
method's potential for supporting bioactivity-guided
fractionation studies and pharmacokinetic investigations
warrants further exploration. The analytical methodology
developed in this study represents a significant step forward
in the scientific validation and standardization of traditional
medicinal plants.
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