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ARTICLE INFO ABSTRACT
Keywords: This study presents the development and comparison of two extraction methods: ultrasound- assisted stir bar
Stir Bar Sorptive Extraction (SBSE) sorptive extraction with liquid desorption (UA-SBSE-LD) and ultrasound-assisted extraction (UAE) for the

Ultrasound-assisted extraction (UAE) isolation and quantification of six major terpenes and terpenoids (thymol, carvacrol, eugenol, p-cymene, y-ter-

:;rfén;];A pinene, and o-pinene) from culinary aromatic herbs. The analytes were analyzed by high-performance liquid
AGREE chromatography with photodiode array detection (HPLC-PDA). For UA-SBSE-LD, the effects of key extraction

parameters, including adsorption time, ionic strength, pH, desorption solvent composition, desorption time, and
solid:liquid ratio, were investigated, while UAE was evaluated using a water-ethanol system without pH
adjustment. Both techniques demonstrated excellent linearity (R> > 0.9805), acceptable detection limits
(0.21-17 pg/mL), and satisfactory recoveries (82-120%), meeting validation requirements. Applied to thyme,
oregano, rosemary, and basil, UA-SBSE-LD outperformed UAE for volatile hydrophobic compounds like y-ter-
pinene and o-pinene, yielding higher extraction efficiencies without organic solvent pretreatment. UA-SBSE-LD
achieved up to 6.89 mg/g of a-pinene from rosemary and 4.04 mg/g of eugenol from basil. The sustainability of
the methods was evaluated using AGREE and AGREEprep tools, indicating a greener profile for UAE. The direct
application of UA-SBSE-LD to solid plant matrices, coupled with HPLC-PDA, represents a sensitive alternative to
gas chromatography-based methods for determining terpenes in food matrices.

Culinary aromatic herbs

1. Introduction properties (Kowalcze and Jakubowska, 2019; Pai et al., 2022; Vassi-
liou et al., 2023). Several compounds, including thymol, carvacrol,

Terpenes and terpenoids, naturally occurring bioactive compounds eugenol, p-cymene, y-terpinene, and a-pinene, are abundant in culinary
found in culinary aromatic plants, are critical for applications in the food aromatic plants such as Thymus vulgaris (thyme), Origanum vulgare
industry, particularly in the study of flavor-active and bioactive com- (oregano), Rosmarinus officinalis (rosemary), and Ocimum basilicum
ponents due to their antimicrobial, antioxidant, and anti-inflammatory (basil), and are widely recognized for their biological properties
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(Chuang et al., 2018; Fachini-Queiroz et al., 2012; Khalil et al., 2017;
Posgay et al., 2022; Rathod et al., 2021). Although these compounds are
typically obtained through the distillation of essential oils prior to
analysis, their direct extraction and quantification from solid plant
material remain challenging. Their volatility, hydrophobic nature, and
the complexity of plant matrices complicate both extraction efficiency
and accurate measurement, necessitating the use of advanced analytical
methods that strike a balance between efficiency, sensitivity, and envi-
ronmental sustainability. Traditional extraction techniques, such as
Soxhlet extraction, maceration, and hydrodistillation, are widely used
but suffer from significant drawbacks, including high solvent con-
sumption, prolonged extraction times, and loss of volatile compounds
(Palmieri et al., 2020; Roohinejad et al., 2017; Tsakni et al., 2023).
Consequently, there is growing interest in miniaturized extraction
techniques that provide higher efficiency while reducing sample
handling and solvent use. Among these, solid-phase microextraction
(SPME), liquid-phase microextraction (LPME), ultrasound-assisted
extraction (UAE), and stir bar sorptive extraction (SBSE) have been
widely applied (Habib et al., 2024; Peng and Cao, 2021; Zhao et al.,
2023). LPME provides a solvent-efficient workflow. However, its per-
formance decreases considerably in complex solid matrices and usually
requires additional pretreatment steps (Peng and Cao, 2021). SPME, in
contrast, is highly effective for the analysis of volatile compounds, but
the relatively small sorbent volume limits its sensitivity for trace-level
analytes (de Siqueira et al., 2024). Although recent studies, such as
Zhao et al., highlight its application in essential oil extraction (Zhao
et al., 2023), its sensitivity and matrix compatibility remain inferior to
SBSE, which uses a larger polydimethylsiloxane (PDMS) coating volume
for enhanced adsorption capacity (de Siqueira et al., 2024; Zhao et al.,
2023). Considering these limitations, there is a necessity for efficient
and accessible analytical techniques for the direct extraction and
quantification of terpenes from solid plant material. This is particularly
important for methods that ensure high sensitivity and robustness while
reducing solvent use and sample-handling steps. SBSE, introduced by
Baltussen et al. (Baltussen et al., 1999), offers high sensitivity, low sol-
vent consumption, and the ability to handle large sample volumes,
making it ideal for trace analysis (Baltussen et al., 1999; He et al., 2021).
Current applications of SBSE are primarily limited to liquid matrices,
including wine and environmental water (He et al., 2021; Prieto et al.,
2010), and its application to solid plant matrices, particularly without
organic solvent pre-treatment, remains underexplored. Recent ad-
vancements, such as those by Song et al., demonstrate the potential of
SBSE for heavy metal analysis in food. However, its application for
terpene extraction from solids, coupled with HPLC-PDA, is still novel
(Song et al., 2023).

In parallel, the UAE serves as a widespread technique in green
extraction. This process improves solvent penetration via cavitation,
thereby decreasing extraction time and energy usage (Tekin et al., 2015;
Vo et al., 2024). While the UAE is well-established, its evaluation for
specific terpenes using green solvents like water-ethanol mixtures offers
new insights, particularly for polar compounds (Kumar et al., 2021;
Munekata et al., 2020). However, its efficacy for non-polar, volatile
terpenes like y-terpinene and o-pinene is limited, necessitating a
comparative evaluation with SBSE.

Gas chromatography (GC) is the standard analytical method for
terpene analysis due to its sensitivity towards volatile compounds.
However, its applicability becomes more limited when dealing with
aqueous or semi-aqueous plant extracts. GC requires additional prepa-
ration steps, increasing solvent consumption and prolonging the overall
analysis time (Singh et al., 2024). Furthermore, because of their low
boiling points and thermal lability, GC-based analysis may be associated
with partial losses during injection or volatilization steps, potentially
influencing their quantitative assessment in complex plant matrices (Li,
2023). High-performance liquid chromatography (HPLC), on the other
hand, provides a complementary approach with simpler workflows and
compatibility with a range of matrices, offering potential advantages for
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high-throughput or green analytical strategies, making it a promising
alternative for terpene quantification (Singh et al., 2024).

This study aims to develop and compare two extraction techniques:
UA-SBSE coupled with liquid desorption (UA-SBSE-LD) and UAE, for the
direct extraction of thymol, carvacrol, eugenol, p-cymene, y-terpinene,
and o-pinene from culinary aromatic herbs, followed by HPLC-PDA
analysis. This work addresses a critical gap in microextraction applica-
tions by directly applying SBSE to solid plant matrices without solvent
pre-treatment. Importantly, the methodology skips conventional essen-
tial oil distillation, enabling the evaluation of both methods in simpli-
fied, solvent-efficient conditions. The comparative analysis of SBSE and
UAE highlights their strengths for polar and non-polar terpenes, with
UAE also offering a greener sample preparation alternative. Together,
these methods provide a robust and efficient analytical approach for the
determination of terpene flavor compounds in food matrices.

2. Materials and methods
2.1. Materials

High-purity standard compounds were used: thymol (>99%, Schar-
lab, Spain), carvacrol (98%, Aldrich, UK), eugenol (99%), p-cymene
(+99%), y-terpinene (97%), and o-pinene (97%, stabilized with
a-tocopherol) (Thermo Scientific, China). Anisole (Sigma-Aldrich)
served as the internal standard. Acetonitrile (HPLC grade, Sigma-
Aldrich), ethanol (96%), methanol, chloroform, and NaCl (VWR). So-
dium hydroxide pellets and hydrochloric acid (37%, Sigma-Aldrich)
were used. Ultra-pure water was applied throughout. Commercial pol-
ydimethylsiloxane (PDMS) stir bars (20 mm x 1 mm, Twister™, Gerstel
GmbH, Germany) were used for SBSE.

2.2. Sample preparation

Dried leaves of thyme (Thymus vulgaris), oregano (Origanum vulgare),
rosemary (Rosmarinus officinalis), and basil (Ocimum basilicum) were
purchased commercially from Fitodry®, Hungary, and stored in opaque
containers at 4°C. Samples were ground using a Retsch MM200 ball mill
(Germany) at 25 Hz for 5 min. The particle size (~0.5 mm) was verified
by sieve analysis. To assess variability, moisture content was determined
(5.2-7.8% w/w). All analytical results were expressed on a dry weight
basis. Ground samples were stored at 4°C in airtight containers.

A standard mixture solution (1 mg/mL) of six compounds (thymol,
carvacrol, eugenol, p-cymene, y-terpinene, a-pinene) was prepared by
dissolving ~10 mg of each in acetonitrile (ACN) in a 10 mL volumetric
flask, stored at 4°C, and further diluted with ultra-pure water to the
required concentration for experiments.

2.3. Selection of SBSE extraction parameters

Several sets of experiments were conducted to select the extraction
parameters, such as adsorption time, ionic strength, pH, desorption
solvent, desorption time, desorption volume, and solid:liquid ratio,
which were investigated systematically. The influence of each param-
eter on the recovery of target analytes was evaluated under controlled
conditions, and values providing the best extraction performance were
selected. All experiments were performed in triplicate using a 30 ug/mL
standard mixture.

2.4. Ultrasound assisted stir bar sorptive extraction

Ground plant material (0.05 g) was mixed with 0.5 mL anisole
(10 mg/mlL, internal standard) and 9.5 mL ultra-pure water (20% w/v
NaCl) in a 25 mL glass vial, achieving a 1:200 solid:liquid ratio. The
mixture was ultrasonicated (NEY Ultrasonik 3 QT HEAT, USA, 50 Hz) for
5 min at 25°C. A PDMS stir bar was stirred at 200 rpm for 20 min. Post-
extraction, the stir bar was rinsed with ultra-pure water, dried with
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tissue paper, and desorbed in 500 pL. ACN:chloroform (40:60) for 30 min
at 200 rpm. Stir bars were cleaned in 0.5 mL ACN:methanol (50:50) for
5 min and reused up to 50 times with appropriate reconditioning,
without significant loss of performance or visible degradation. After
multiple uses of the stir bar, a blank desorption run was performed to
check for memory effects, and no carry-over was observed. Blanks
analyzed by HPLC-PDA confirmed no carryover (< 0.1 ug/mL analyte
detected).

2.5. Selection of UAE extraction parameters

UAE parameters, including solvent compositions (varying ratios of
water and ethanol), extraction times, and pH levels, were examined to
achieve the best extraction efficiency. Thyme samples were used, with
experiments in triplicate.

2.6. Ultrasound-assisted extraction

Ground plant material (0.05 g) was mixed with 10 mL of 60:40
water:ethanol in a 10 mL volumetric flask (1:200 solid:liquid ratio),
vortexed for 1 min, and ultrasonicated at 50 Hz, 25°C for 30 min. Ex-
tracts were filtered through filter paper and a 0.45 um PTFE filter.

2.7. HPLC analysis

An ECOM Quarternary HPLC system (ECS05) with a photodiode
array (PDA) detector and autosampler was used with an RP-C18 column
(250 mm x 4.6 mm, 3 um, Phenomenex, USA). Gradient elution started
at 50:50 acetonitrile:water for 5 min, increased to 100% acetonitrile
over 10 min, and returned to 50:50 over 5 min (flow rate: 0.8 mL/min,
injection volume: 5 pL, column temperature: 25°C). UV detection was
performed at 217 nm for p-cymene, y-terpinene, and a-pinene, and at
274 nm for thymol, carvacrol, and eugenol. Compounds were identified
by comparing their retention times with those of standards using Clarity
software (DataApex, Czech Republic). Peak purity was checked by
comparing PDA spectra at the apex and along the peak profile, and no
spectral mismatch was observed.

2.8. UA-SBSE and UAE method validation

Both methods were validated for linearity, limits of detection (LOD),
limits of quantification (LOQ), precision, and accuracy. Calibration
curves for thymol, carvacrol, eugenol, p-cymene, y-terpinene, and
a-pinene used peak area ratios (analyte:internal standard). LOD and
LOQ were determined for each compound based on signal-to-noise ra-
tios of 3 and 10, respectively. Intra-day precision (n = 6, thyme samples)
and inter-day precision (n = 6, two days) were expressed as relative
standard deviations (RSDs). The accuracy of UA-SBSE was assessed by
spiking three concentration levels per compound (low, medium, high) in
triplicate.

2.9. Statistical analysis

Experiments were conducted in triplicate, with data analyzed using
GraphPad Prism 9.0, and results were presented as mean + SD. The
Shapiro-Wilk test was performed to confirm the normality of data dis-
tribution with p > 0.05. One-way ANOVA with Tukey’s post-hoc test was
used to assess parameter effects, and Student’s t-test was applied for
pairwise comparisons of each compound within the same plant matrix
between the two developed extraction methods (UA-SBSE-LD and UAE).
Statistical significance was considered at p < 0.05. The charts were
generated using GraphPad Prism 9.0.

3. Results and discussion

This study developed and evaluated two extraction techniques (UA-
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SBSE-LD and UAE) coupled with HPLC-PDA for the determination of
terpenes and terpenoids in culinary aromatic herbs (thyme, oregano,
rosemary, and basil). The target analytes included thymol, carvacrol,
eugenol, p-cymene, y-terpinene, and o-pinene, which are key volatile
compounds contributing to the herbs’ aroma, flavour and bioactivity.
The following sections detail the selection and evaluation of extraction
parameters, assess method performance, and compare their effective-
ness in real sample analysis, supported by comparisons to existing
literature.

3.1. Selection of UA-SBSE extraction parameters

To determine the target compounds (thymol, carvacrol, eugenol, p-
cymene, y-terpinene, and a-pinene), various parameters were system-
atically evaluated using a standard solution (30 pg/mL of each analyte).
Ultrasound treatment was applied as a fixed pre-treatment step (5 min)
prior to extraction and was not included as a variable in the optimiza-
tion. The factors examined included adsorption time (10, 20, 30, 40,
60 min), ionic strength (0%, 10%, 20%, 30% NaCl w/v), pH (4, 6, 8),
desorption solvent (ACN, chloroform, methanol, ethanol, and ACN:
chloroform mixtures at 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80),
desorption time (5, 10, 15, 20, 30, 40 min), desorption volume (200,
300, 500, 1000 pL), and sample amount (solid:liquid ratios of 1:25, 1:50,
1:100, 1:200).

3.1.1. Selection of optimal desorption solvent

The desorption solvent must maximize analyte recovery from the stir
bar while ensuring compatibility with the PDMS coating and HPLC
system. Solvents tested included ACN, chloroform, methanol, ethanol,
and ACN:chloroform mixtures (80:20, 70:30, 60:40, 50:50, 40:60,
30:70, 20:80). Pure ACN and methanol, commonly used in SBSE due to
their polarity (Song et al., 2023), were less effective for the hydrophobic
terpenes in this study. Chloroform alone provided high recovery for
carvacrol and eugenol, but resulted in peak broadening and co-elution of
thymol and carvacrol, affecting quantification accuracy. Despite its
lower alignment with green chemistry principles, chloroform demon-
strated consistent chromatographic stability across replicates, justifying
its inclusion during development.

The ACN:chloroform (40:60) mixture emerged as the optimal sol-
vent, providing the highest extraction efficiencies for thymol, p-cymene,
y-terpinene, and a-pinene (p < 0.001) (Fig. 1a). This ratio combines
chloroform’s affinity for non-polar compounds with ACN’s ability to
enhance chromatographic resolution, avoiding the peak overlap seen
with pure chloroform. The 40:60 ratio ensures sufficient polarity for
moderately polar analytes like thymol while preserving HPLC compat-
ibility, making it suitable for this study.

3.1.2. The effect of adsorption time

Adsorption time determines the extent of analyte partitioning into
the PDMS phase. Testing durations from 10 to 60 min (Fig. 1b) revealed
that recovery of thymol, carvacrol, and eugenol increased significantly
from 10 to 20 min (p < 0.01), plateauing thereafter and indicating
equilibrium at 20 min. The recovery of p-cymene, y-terpinene, and
a-pinene was consistent across replicates, with no significant differences
detected, likely reflecting their efficient partitioning behavior resulting
from high hydrophobicity.

In SBSE, equilibrium reflects a balance where analyte uptake by
PDMS matches its release back into the sample (Baltussen et al., 1999).
Prolonged extraction potentially leads to re-equilibration or degrada-
tion, particularly for volatile terpenes. Thus, 20 min was selected as the
optimal duration, offering efficiency and consistency across all com-
pounds while minimizing analysis time.

3.1.3. pH and ionic strength effects
Sample pH can alter analyte ionization, affecting PDMS partitioning.
Still, the tested pH values (4, 6, 8) showed no significant impact on
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Fig. 1. Effects of (a) desorption solvent composition, (b) adsorption time, (c) pH, (d) ionic strength, (e) desorption time, (f) desorption solvent volume, and (g)
sample amount (solid-to-liquid ratio) on the recovery of analytes using UA- SBSE-HPLC-PDA. Data are presented as mean + SD (n = 3). Different letters indicate
statistically significant differences (one-way ANOVA, Tukey’s test). No significant differences were observed for pH (c) and desorption solvent volume (f) (p > 0.05).
More stringent significance levels were applied for (a) (p < 0.001) and (b,d) (p < 0.01). Solvent compositions are provided in table (S1).

recovery (p > 0.05) (Figure S1, Fig. 1c¢), as thymol (pK, 10.6), carvacrol
(pK, 10.4), and eugenol (pK; 10.2) remain non-ionized below pH = 8.
This eliminates the need for pH adjustment, simplifies the method and
protects the PDMS coating from acidic or basic degradation, a concern
raised by Prieto et al. (Prieto et al., 2010).

Ionic strength has a significant influence on the distribution of target
compounds in solution. To evaluate this, NaCl was added to the aqueous
extraction solution at concentrations of 0-30% (w/v). As shown in
Fig. 1d, the extraction efficiency of thymol, carvacrol, eugenol, and p-
cymene increased significantly (p < 0.01) with NaCl concentrations
rising from 0% to 20%, indicating an optimal ionic strength at 20%
NaCl. However, further increasing NaCl to 30% reduced the extraction
efficiency. Conversely, y-terpinene extraction efficiency showed slight
but non-significant improvement at higher salt levels. Similarly,
a-pinene recovery enhanced from 10% to 20% NaCl and stabilized
thereafter.

This behavior results from NaCl’s dual effects during SBSE, where
NacCl is commonly used to adjust ionic strength. The “salting-out” effect
reduces the solubility of hydrophobic compounds, promoting their
transfer to the sorbent (Habib et al., 2024). However, high NaCl con-
centrations increase solution viscosity, slowing molecular transfer and
reducing extraction efficiency (Prieto et al., 2010; Zhong et al., 2016).
Thus, 20% (w/v) NaCl was determined as the optimal ionic strength for
SBSE of the target compounds.

3.1.4. Desorption time and volume

Desorption time ensures complete elution of the analyte from the
PDMS bar. Times of 5-40 min were tested with ACN:chloroform (40:60).
Equilibrium was achieved at 30 min for most compounds (p < 0.05,
Fig. 1e), with longer times offering no benefit and risking re-adsorption
or degradation. Thus, 30 min was selected.

Desorption volumes (200, 300, 500, 1000 pL) showed no significant
differences in recovery (p > 0.05) (Fig. 1f), consistent with Brossa et al.,
who found 0.5-2 mL sufficient for SBSE desorption. A 500 pL volume
was chosen to balance analyte concentration for HPLC injection and
minimize dilution effects (Brossa et al., 2005).

3.1.5. Sample amount (solid:liquid ratio)

The effect of sample amount on extraction efficiency was assessed by
testing solid:liquid ratios of 1:25, 1:50, 1:100, and 1:200, using a
representative culinary herb (thyme). To achieve these ratios, 0.4 g,
0.2g, 0.1g, and 0.05g of thyme were extracted with 9.9 mL of
extraction solvent and spiked with 100 pL of a 1 mg/mL mixed standard
solution of target compounds.

As shown in Fig. 1g, the maximum recoveries of carvacrol, eugenol,
p-cymene, and y-terpinene occurred at the lowest sample amount (1:200
ratio). For thymol and o-pinene, no significant differences were
observed across the tested ratios. Increasing sample mass can introduce
matrix-related limitations in SBSE, where competing substances reduce
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selectivity and extraction efficiency by vying for sorbent binding sites
(Camino-Sanchez et al., 2014). Additionally, increased plant material
can elevate the viscosity of the aqueous solution, impeding analyte
diffusion into the polymer coating and lowering extraction efficiency
(Sereshti & Samadi, 2014). Furthermore, plant constituents may become
trapped in the polymer coating’s pores, competing with target analytes
for adsorption. Consequently, 0.05 g (corresponding to a 1:200 solid:
liquid ratio) was identified as the optimal sample amount for extracting
target compounds from thyme, oregano, rosemary, and basil leaves.

Based on these findings, the optimal conditions for SBSE of thymol,
carvacrol, eugenol, p-cymene, y-terpinene, and a-pinene are: adsorption
time of 20 min, 20% (w/v) NaCl in the sample solution, no pH adjust-
ment, desorption solvent of ACN:chloroform (40:60), desorption time of
30 min, desorption solvent volume of 500 pL, and sample amount of
0.05 g (1:200 solid:liquid ratio).

3.2. UA-SBSE-HPLC-PDA performance

Table 1 summarizes the analytical performance of the UA-SBSE-
HPLC-PDA method for quantifying the six target terpenes under
selected conditions. The method demonstrated good linearity, with
correlation coefficients (R?) ranging from 0.9805 to 0.9963, across the
following concentration ranges: 0.004-1 mg/mL for thymol,
0.004-0.5 mg/mL for carvacrol and eugenol, and 0.004-2 mg/mL for p-
cymene, y-terpinene, and a-pinene. Limits of detection (LODs) ranged
from 0.22 ug/mL to 17 pg/mL, while limits of quantification (LOQs)
ranged from 0.75 pg/mL to 59 ug/mlL, indicating high sensitivity. The
enrichment factors range from 16.2 to 19.2 fold. This method's
maximum enrichment factor was 20 times, assuming 10 mL of sample
solution and 500 pL of desorption solution. The experimentally obtained
enrichment factors were consistent with the theoretical EF value, con-
firming effective pre-concentration by the SBSE procedure. The rela-
tively higher LODs observed for a-pinene and y-terpinene compared to
thymol and carvacrol are attributed mainly to their higher volatility and
partial analyte loss during the liquid desorption step. This behavior is
consistent with the known limitation of liquid desorption for highly
volatile terpenes prior to HPLC analysis. In addition, the use of PDA
detection, which is inherently less sensitive than MS-based detectors,
may also contribute to the observed LOD range. Compared with a pre-
vious SBSE-HPLC-DAD study employing a specially designed porous
aromatic framework/PDMS coating for hydrophobic polychlorinated
biphenyls extraction (Zhang et al., 2023), the present study used a
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conventional PDMS coating and targeted more volatile terpene analytes,
which may explain the comparatively higher LOD values observed for
certain compounds.

Precision was evaluated through within-day and between-day
repeatability, expressed as relative standard deviation (RSD), with
values below 16.25% and 16.59%, respectively.

Recovery percentage (R%) of the target compounds in thyme, as a
representative sample, was assessed using the standard spiking method
at three different concentration levels to confirm the method’s appli-
cability across a broad concentration range. Recovery percentages were
calculated using the formula:

_ Cfmmd - Creal

R% x 100

added

where Cgoung is the concentration measured after spiking, Crea is the
concentration of the compound in the unspiked sample, and C,qgeq is the
concentration of the standard added.

Recovery data are summarized in Table 1, S2. Overall, the UA-SBSE-
HPLC-PDA method was effective, providing a faster and simpler
extraction process than conventional techniques while maintaining
acceptable sensitivity and precision. Precision (RSDs < 16.25% intra-
day, < 16.59% inter-day) indicates reliable repeatability in complex
plant matrices, with minor variability reflecting the volatile and sensi-
tive nature of the compounds as well as inherent sample heterogeneity,
which is consistent with previous studies (Silvosa et al., 2025). The
observed recoveries in thyme (82-120%, Table 1) confirm the accuracy
of the method and suggest good resistance to plant matrix interference,
consistent with the reported efficacy of SBSE for terpenes
(Gonzalez-Hernandez et al., 2024). These findings indicate that
co-extracted matrix components did not significantly affect
quantification.

Furthermore, chromatographic comparison between spiked and non-
spiked samples demonstrated good selectivity of the method (Figure S3).
Peak purity assessment using PDA spectral analysis confirmed spectral
homogeneity across all analyte peaks with no evidence of co-eluting
interferences.

Overall, SBSE shows high efficiency for hydrophobic compounds,
attributed to PDMS affinity and terpene release from plant trichomes
into the aqueous phase.

Table 1
Analytical performance of the SBSE-HPLC-PDA and UAE-HPLC-PDA methods.
Compound Linearity range R? Equation LOD pg/ LOQug/ R% Intra-day Inter-day EF
mg/mL mL mL RSDsn =6 RSDs
n==6
UA-SBSE-LD-HPLC- Thymol 0.004-1 0.996 y = 63.96x - 0.25 0.85 90-92.5 7.27% 11.21% 18.5
PDA Method 0.0437
Carvacrol 0.004-0.5 0.9805 y=66.14x 0.22 0.75 93.5-110 9.43% 16.45% 19.2
+ 0.0153
Eugenol 0.004-0.5 0.981 y = 54.467x 0.75 2.5 82-102.2 14.61% 15.65% 17.8
+0.272
p-cymene 0.004-2 0.9963 y = 5.1289x 7.8 26 98-113.3 16.25% 16.59% 17.2
0.13
y-terpinene  0.004-2 0.9939 y=1.783x- 9 30 90-108.75 6.92% 10.81% 16.6
0.1628
a-pinene 0.004-2 0.9862 y = 0.906x - 17 59 107.25-120 16.11% 16.47% 16.2
0.0043
UAE-HPLC-PDA Thymol 0.002-1 0.999 y =1561.4x 0.57 1.91 109.04 6.77% 6.00%
Method + 12.498
Carvacrol 0.002-1 0.999 y = 1496.2x 0.59 2.00 110.72 6.14% 6.18%
-+ 10.005
Eugenol 0.002-1 0.999 y =1618.8x 0.55 1.85 109.98 9.81% 9.81%
+9.1256
p-cymene 0.002-1 0.997 y = 4155.3x 0.21 0.71 103.43 9.86% 9.87%

+ 82.201
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3.3. Selection of UAE extraction parameters

UAE uses ultrasonic cavitation to disrupt plant tissues, releasing
analytes into a solvent. Method development focused on thymol,
carvacrol, eugenol, and p-cymene, excluding y-terpinene and o-pinene
due to poor recovery (50% and 34%) with green solvents (water,
ethanol), attributed to their volatility and hydrophobicity, preventing
complete partitioning during the extraction time.

3.3.1. Extraction solvent composition

Solvents tested included water, water:ethanol mixtures (80:20,
70:30, 60:40, 50:50), and 100% ethanol. Water alone yielded minimal
recovery due to the analytes’ low solubility (Fig. 2a). Thymol peaked at
60:40 water:ethanol, carvacrol and eugenol at 70:30, and p-cymene at
100% ethanol. The 60:40 mixture was selected, taking into account the
solubility parameters, polarity index, and hydrogen bonding capacity of
thymol, carvacrol, eugenol, and p-cymene, balancing efficiency and
green chemistry principles. Likewise, Munekata et al., found that their
extraction method using a 50:50 ethanol-water mixture significantly
enhanced the recovery of phenolic compounds from thyme and rose-
mary (Munekata et al., 2020). These results suggest a relationship be-
tween solvent composition and extraction efficiency, in agreement with
various reports.

3.3.2. Extraction time and pH

The influence of extraction time on the extraction efficiency of four
target flavor compounds was evaluated over durations of 0.5, 1, 1.5, 2,
3, and 24 h, with results shown in Fig. 2b. No significant differences
were observed in the extracted concentrations of thymol, carvacrol, and
eugenol across the tested time points. However, p-cymene exhibited the
highest extraction efficiency at 0.5 h. Prolonged ultrasound exposure
may degrade analyte integrity, reducing extraction efficiency (Kumar
et al., 2021). Consequently, to optimize time and energy use, an
extraction time of 0.5 h was determined to be optimal for maximizing
extraction efficiency for all analytes.

The influence of pH on the extraction of four target compounds was
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investigated across a pH range of 2-12, as depicted in Fig. 2¢. Thymol,
carvacrol, and p-cymene extraction efficiency showed no significant pH
dependence. In contrast, eugenol exhibited maximum extraction effi-
ciency at pH 12. This is attributed to eugenol’s weak acidic nature, with
a pK, of 10.2, allowing it to exist predominantly in its deprotonated form
at pH = 12, which enhances its stability and extractability. However,
UAE was conducted at an unadjusted, moderate pH to maintain envi-
ronmental compatibility and avoid degradation of sensitive constitu-
ents, achieving satisfactory recovery for all analytes.

These findings indicate that optimal extraction efficiencies for
thymol, carvacrol, eugenol, and p-cymene were achieved using a 60:40
water-ethanol mixture at unadjusted pH, with an extraction time of
0.5h.

3.4. HPLC development

The mobile phase was optimized to separate six compounds:
eugenol, carvacrol, thymol, p-cymene, y-terpinene, and a-pinene. Initial
isocratic elution using a 50:50 ACN-water mixture resulted in poor
resolution and extended retention times. A gradient elution was devel-
oped to enhance separation efficiency, starting with a 50:50 ACN-water
ratio for 5 min, then a linear increase to 100% ACN over 10 min,
returning to the 50:50 ratio for 5 min. A flow rate of 0.8 mL/min and a
C18 column were used. This gradient achieved baseline separation of all
six compounds within 20 min, with retention times of 6.96, 9.71, 10.27,
15.55, 17.53, and 18.48 min for eugenol, carvacrol, thymol, p-cymene,
y-terpinene, and a-pinene, respectively (Figures S2, S8). Baseline sepa-
ration of the critical pair carvacrol-thymol was achieved (Rs = 1.65 >
1.5).

Hajimehdipoor et al. developed an HPLC method for quantifying
carvacrol and thymol in thyme essential oil using an isocratic 50:50
acetonitrile-water mobile phase, reporting retention times of 13.025 and
14.236 min for carvacrol and thymol, respectively. These findings align
with our results, where carvacrol eluted before thymol (Hajimehdipoor
et al,, 2010). However, our gradient method significantly reduced
retention times, shortening the overall analysis time.

61 (b)
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Fig. 2. Effects of (a) solvent composition, (b) extraction time, and (c) pH on the recovery of analytes using UAE-HPLC-PDA. Data are presented as mean + SD
(n = 3). W: water; E: ethanol. Bars with different letters indicate statistically significant differences according to one-way ANOVA followed by Tukey’s post-hoc test

(p < 0.05).
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3.5. UAE-HPLC-PDA performance

The UAE-HPLC-PDA method was validated for the quantitative
analysis of thymol, carvacrol, eugenol, and p-cymene. Extremely vola-
tile and hydrophobic compounds (y-terpinene and a-pinene) exhibited
low recoveries with the selected green solvents (water, ethanol),
limiting their inclusion in UAE validation. This choice prioritizes safety,
sustainability, and applicability in industrial and food contexts, while
potential future improvements, such as derivatization or natural deep
eutectic solvents may improve the extraction of highly volatile and hy-
drophobic compounds.

LODs, (S/N = 3) ranged from 0.21 to 0.59 pg/mL, and LOQs (S/
N = 10) ranged from 0.71 to 2 ug/mL. Compared to the SBSE method,
UAE demonstrated higher sensitivity for p-cymene, with lower LOD and
LOQ values. These values were also notably lower than those reported
by Hajimehdipoor et al. for thymol and carvacrol in thyme essential oil,
reporting LODs of 2.8 ug/mL for thymol and 0.6 pg/mL for carvacrol,
and LOQs of 8.6 ug/mL and 1.8 pg/mlL, respectively (Hajimehdipoor
et al., 2010). Excellent linearity was achieved for all four compounds
across a concentration range of 0.002-1 mg/mL, with correlation co-
efficients (R?) between 0.997 and 0.999, as shown in Table 1.

Intra-day precision, expressed as relative standard deviation (RSD),
was assessed using six replicate extractions of thyme for thymol,
eugenol, and p-cymene, while oregano was selected for carvacrol
because it naturally contains this compound at higher concentrations,
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minimizing matrix-related variability and ensuring more reliable pre-
cision assessment. The resulting intra-day RSDs were 6.14-9.86%. Inter-
day precision was evaluated under the same conditions, resulting in
RSDs of 6.00-9.87%.

Accuracy was assessed by spiking 100 pL of standard solution
(approximately 1 mg/mL of thymol, carvacrol, eugenol, and p-cymene)
into thyme samples, resulting in recoveries of 103.43-110.72%. To
further evaluate the potential impact of co-extracted matrix components
inherent to herbal samples, the method's selectivity was assessed
through spiked recovery experiments and chromatographic analysis.
The chromatograms of spiked and non-spiked samples were compared,
showing no additional interfering peaks at the retention times of the
target analytes (Figure S9)

Furthermore, peak purity was evaluated using PDA spectral analysis,
confirming spectral homogeneity across all analyte peaks and indicating
the absence of co-eluting interferences. These results demonstrate that
matrix effects from co-extracted non-volatile compounds did not
significantly affect the accuracy of the proposed UAE-HPLC-PDA
method.

The validation results for linearity, precision, and accuracy confirm
that the proposed UAE-HPLC-PDA method is reliable and reproducible
for analyzing thymol, carvacrol, eugenol, and p-cymene.

A comparison of the analytical characteristics obtained in this study
with previously reported GC-based methods for terpene analysis is
presented in Table 2. Although GC-MS methods typically achieve lower

Table 2
Comparison of the analytical performance of the developed SBSE-HPLC-PDA and UAE-HPLC-PDA methods with previously published GC-based methods.
Compound Method Sample RSD% LOD (ug/mL) LOQ (ug/mL) Recovery% Ref
Thymol UAE (hexane)-GC-MS/MS  Eupatorium fortunei Turcz 2.72-2.98 0.014 0.054 106.41 (Nan et al., 2021)
DLLME- LC-QqQ-MS? alcoholic beverages 10-20 0.00004-0.0009  0.00013-0.003  76-128 (Oller-Ruiz et al.,
2017)
UA-SBSE-HPLC-PDA thyme, oregano, rosemary, and 7.27-11.21 0.25 0.85 90-92.5 this study
basil
UAE-HPLC-PDA thyme, oregano, rosemary, and 6-6.77 0.57 1.91 109.04 this study
basil
Carvacrol HS-SPME-GC-MS/MS bovine milk 2.8-13.6 NR 0.001 85.3 —109.6 (Armorini et al.,
2016)
hydro-distillation-HPLC- Thymus vulgaris 1.7-4.7 0.6 1.8 97.6 + 1.4 (Hajimehdipoor
DAD et al,, 2010)
UA-SBSE-HPLC-PDA thyme, oregano, rosemary, and 9.43-16.45 0.22 0.75 93.5-110 this study
basil
UAE-HPLC-PDA thyme, oregano, rosemary, and 6.14-6.18 0.59 2 110.72 this study
basil
Eugenol Hydrodistillation-GC-MS Hydro-distilled clove oil; 0.44-2.08 3.18 10.6 97.6-104.8 (Athar et al., 2013)
commercial formulations
SLE (methanol)-HPLC-UV Cinnamomum tamala leaves 0.99-1.92 0.05 0.2 97.7-99.1 (Dighe et al., 2009)
&Cinnamomum zeylanicum Breyn
stem barks
UA-SBSE-HPLC-PDA thyme, oregano, rosemary, and 14.61-15.65 0.75 2.5 82-102.2 this study
basil
UAE-HPLC-PDA thyme, oregano, rosemary, and 9.81 0.55 1.85 109.98 this study
basil
p-cymene UAE (hexane)-GC-MS/MS Eupatorium fortunei Turcz 1-3.38 0.006 0.012 105.31 (Nan et al., 2021)
UA-SBSE-HPLC-PDA thyme, oregano, rosemary, and 16.25-16.59 7.8 26 98-113.3 this study
basil
UAE-HPLC-PDA thyme, oregano, rosemary, and 9.86-9.87 0.21 0.71 103.43 this study
basil
y-terpinene  SHS-GC-MS hemp-derived essential oil 2.4-10.9 0.1 0.5 95.1-111.8 (Chaiwangrach et al.,
2025)
UA-SBSE-HPLC-PDA thyme, oregano, rosemary, and 6.92-10.81 9 30 90-108.75 this study
basil
«a-pinene SHS-GC-MS hemp-derived essential oil 2-13.6 0.025 0.1 88.7-96.5 (Chaiwangrach et al.,
2025)
UAE-CapLC-DAD dietary supplements 11 0.25 1 98+9 (Ponce-Rodriguez
et al., 2021)
Direct oil dilution-HPLC commercial essential oils 0.38-1.97 6.92 19.29 104.42-108.65 (Porel et al., 2014)
UA-SBSE-HPLC-PDA thyme, oregano, rosemary, and 16.11-16.47 17 59 107.25-120 this study

basil

Note: LC-QqQ-MS?2, Triple Quadrupole Mass Spectrometry with Liquid Chromatography; DLLME, Dispersive liquid-liquid microextraction; HS, headspace; SHS, static
headspace; SPME, solid-phase microextraction; HS-SPME, headspace solid-phase microextraction; SLE, solid liquid extraction; GC-MS, gas chromatography-mass
spectrometry; GC-MS/MS, tandem mass spectrometry; CapLC, capillary liquid chromatography; DAD, diode array detection. “NR” indicates values not reported.
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detection limits, which is consistent with the higher sensitivity of mass
spectrometric detection, the developed UA-SBSE-HPLC-PDA and UAE-
HPLC-PDA methods showed acceptable precision and recovery, sup-
porting their suitability as practical alternatives for the routine deter-
mination of terpenes in plant matrices.

3.6. Greenness evaluation of the developed methods

The goal of green analytical chemistry (GAC) is to develop more
sustainable and environmentally friendly analytical methods. The
Analytical GREEnness calculator (AGREE), one of the most current
greenness evaluation tools, is among several approaches developed to
date for GAC measurements (Abdelgawad et al., 2022). Analytical
Greenness (AGREE) evaluation criteria consist of 12 portions corre-
sponding to the GAC principles. These are expressed through 12 input
variables, which are transformed into a common scale between 0 and 1
to generate the final result. The method is considered green if its score is
higher than 0.6 (Pena-Pereira et al., 2020). Along with being quantita-
tive, it also provides a qualitative and graphical illustration of the
method's advantages and disadvantages (Mahdavi et al., 2024). The
greenness of sample preparation processes is also carefully assessed by
AGREEprep in accordance with the 10 principles of green sample
preparation (GSP) (Wojnowski et al., 2022).

The greenness of the two developed methods (UA-SBSE-LD-HPLC-
PDA and UAE-HPLC-PDA) was assessed using the Analytical GREEnness
calculator (AGREE v.0.5 beta) and AGREEprep tool, as can be seen in
Fig. 3, with complete documentation of every parameter to ensure
reproducibility (Tables S3-56). AGREE evaluation indicated that neither
workflow is fully green, with scores of 0.44 (UA-SBSE-LD-HPLC-PDA)
and 0.45 (UAE-HPLC-PDA). This is primarily because HPLC analysis
involves solvent waste, energy consumption, and operator safety issues
rather than the extraction process itself (Wejnerowska and Narloch,
2023). Additionally, the SBSE-LD process relied on an ACN-chloro-
form desorption mixture, which, while highly effective and compatible
with the chromatographic method, contributed to a less favorable
environmental profile and indicates opportunities for future improve-
ment through the development of equally effective but greener alter-
natives. A higher AGREEprep score (0.62 versus 0.41 for SBSE-LD) was
attained by the UAE workflow, which used only water and ethanol for
sample preparation, because it was easier to use, required fewer haz-
ardous solvents, and consumed less energy. However, the environmental
limitations implemented by the HPLC platform are ultimately applied by
both methods. Overall, the comparison shows that UAE is the more
environmentally friendly sample-preparation approach, whereas
SBSE-LD is still analytically robust but could use some methodological

A B

< <

Fig. 3. Greenness and practicality evaluation of the developed methods: A) UA-
SBSE-LD-HPLC-PDA by AGREE, B) UAE-HPLC-PDA by AGREE, C) UA-SBSE-LD-
HPLC-PDA by AGREEprep, D) UAE-HPLC-PDA by AGREEprep.
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improvements, like increasing throughput and optimizing solvent use.
As a result, the combined AGREE and AGREEprep evaluations provide a
clear overview of each workflow’s strengths and limitations, clearly
defining future development paths toward more sustainable analytical
protocols.

3.7. Real sample analysis

Thyme, oregano, rosemary, and basil were analyzed using both
SBSE- and UAE-based extraction methods coupled with HPLC-PDA
(Figures S4-S9, S10-S13), with results summarized in Table 3. Previ-
ous studies have utilized Headspace-SPME coupled with GC to analyze
volatile and semi-volatile compounds in these aromatic herbs
(Diaz-Maroto et al., 2002; Mena et al., 2016; Soleimani et al., 2014).
However, SBSE offers superior extraction efficiency compared to SPME,
primarily due to its significantly larger extraction phase volume (50-250
times greater than SPME fibers), which minimizes competitive adsorp-
tion and enhances the recovery of volatile compounds (de Siqueira et al.,
2024). This work therefore demonstrates the applicability and analytical
value of a novel SBSE approach for direct terpene analysis using HPLC,
an area not yet extensively explored.

In thyme samples, six target compounds were identified, with thymol
being the most abundant (4.98-5.9 mg/g) regardless of the extraction
method. These findings agree with earlier reports identifying thymol, p-
cymene, y-terpinene, and carvacrol as primary components of thyme oil
(Dobreva et al., 2024; Wesotowska and Jadczak, 2019). Additionally,
a-pinene was detected at notable levels, corroborating findings by Baj
et al. (Baj et al., 2020). UAE proved more effective for extracting
carvacrol and eugenol from thyme (p < 0.05), likely due to matrix
complexity affecting SBSE performance, leading to variable extraction
yields (Ruan et al., 2015). Conversely, SBSE excelled in extracting

Table 3

Terpenes and terpenoids content (mg/g) in thyme, oregano, rosemary and basil
obtained using the stir bar sorptive extraction with liquid desorption coupled
with high-performance liquid chromatography-photodiode array detection (UA-
SBSE-LD-HPLC-PDA) and ultrasound-assisted extraction coupled with high-
performance liquid chromatography-photodiode array detection (UAE-HPLC-
PDA).

Plant Method  Thymus Origanum Rosmarinus Ocimum
vulgaris vulgare officinalis basilicum
Thymol SBSE 5.9 + 0.81% + 0.015 + 0.53* +
0.43 0.02 0.002 0.07
UAE 4.98" + 0.34" + 0.232% + 1.55° +
0.3 0.05 0.16 0.09
Carvacrol SBSE 0.75% + 3.4*+0.14 ND ND
0.07
UAE 1° + 3.21% + ND ND
0.06 0.19
Eugenol SBSE 0.3° + ND ND 4.04* +
0.06 0.33
UAE 1.06" + ND ND 1.25" +
0.06 0.11
p-cymene SBSE 2.2 + 1.95% + 3.05% £+ 0.62 2.45
0.42 0.39 +0.3
UAE 1.85% + 0.37° + 1.32°+ 0.2 ND
0.11 0.01
y-terpinene SBSE 2.43 1.67 2+0.31 1.23
+0.17 +0.28 + 0.06
UAE ND ND ND ND
«a-pinene SBSE 1.99 2.03 6.89 + 0.58 1.3
+ 0.34 +0.31 +0.25
UAE ND ND ND ND

Note: Values are expressed as mean + SD. Superscript letters (a, b) denote
statistically significant differences between SBSE and UAE for the same com-
pound in each plant (p < 0.05, Student’s t-test). Abbreviations: SBSE: stir bar
sorptive extraction, UAE: Ultrasound- assisted extraction, ND: not detected.
Carvacrol in R. officinalis was present below the LOD, while all other cases of ND
indicate true absence of the compound.
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hydrocarbon terpenes (p-cymene, y-terpinene, and a-pinene) due to the
affinity of the apolar PDMS phase.

Comparable findings were observed in other thyme species. For
instance, ethanol was reported to be an effective solvent for extracting
thymol from wild thyme (Thymus serpyllum L.), yielding 4.92
+ 1.65 mg/g (Janiak et al., 2017) closely aligning with thymol levels in
thyme obtained via UAE in this study.

A similar trend was observed in oregano, where carvacrol was the
predominant compound (3.21-3.4 mg/g) across both extraction
methods, consistent with previous studies (Gavaric et al., 2015; Lao-
thaweerungsawat et al., 2020). Our findings showed higher carvacrol
content than the 1999 pg/g reported by Baranauskaité et al.
(Baranauskaite et al., 2016), possibly due to an optimized UAE protocol
with a 10-minute extraction time and 96% ethanol, which may have
limited extraction efficiency in earlier studies. Thymol concentrations
ranged from 0.34 to 0.81 mg/g, with variations attributed to oregano
chemotypes, environmental factors (including seasonal, climatic, and
regional conditions), drying techniques, and genetic differences
(Rodriguez-Garcia et al., 2016). The PDMS Twister bar also extracted
significant levels of p-cymene (1.95 mg/g), y-terpinene (1.67 mg/g),
and a-pinene (2.03 mg/g).

In basil, SBSE revealed high eugenol content (4.04 mg/g), surpassing
UAE yields and exceeding the 2.8 mg/g reported by Lenti et al. (Lenti
et al., 2022) using hexane extraction. Notable levels of p-cymene,
y-terpinene, and a-pinene were also detected in basil extracts via SBSE
(Table 3). For rosemary, o-pinene was the dominant terpene
(6.89 mg/g), higher than the 1.47 mg/g reported by Shahina et al.
(Shahina et al., 2022), with SBSE also detecting p-cymene, y-terpinene,
and trace thymol, aligning with prior studies (Mwithiga et al., 2022;
Shahina et al., 2022).

Overall, Table 3 shows that UA-SBSE-HPLC-PDA provided broader
compound coverage and higher extraction yields than UAE-HPLC-PDA.
Although SBSE is typically applied to liquids (e.g., milk, juice, wine),
this study successfully adapted UA-SBSE-HPLC-PDA for direct terpene
analysis in solid herbs (thyme, oregano, basil, rosemary) without
organic solvents or essential oil distillation, confirming optimal condi-
tions for analyzing six terpenes and terpenoids.

3.8. Limitations of the study

While both UA-SBSE-LD-HPLC-PDA and UAE-HPLC-PDA demon-
strated satisfactory analytical performance for terpene and terpenoid
analysis in culinary herbs, some limitations should be acknowledged.
The analytical efficiency of the methods varied depending on the vola-
tility and polarity of the target analytes, particularly for highly volatile
terpenes. In addition, the SBSE-LD workflow still relies on organic
solvent-based desorption to ensure adequate chromatographic perfor-
mance. Furthermore, the methods were evaluated using selected aro-
matic herbs, and additional validation in more complex plant matrices
may be required.

3.9. Future perspectives

Future studies may focus on improving the recovery of highly vola-
tile terpenes and further enhancing the environmental sustainability of
the SBSE workflow through the development of greener desorption
systems, novel coating materials, or miniaturized approaches. For UAE,
the use of alternative green solvents, such as natural deep eutectic sol-
vents, could improve selectivity while maintaining environmental
compatibility. The integration of more sensitive detection systems,
particularly MS-based detectors, as well as automation and higher-
throughput platforms, may further expand the applicability of both
methods in routine analysis.
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4. Conclusion

This study demonstrated the applicability of UA-SBSE-LD-HPLC-PDA
and UAE-HPLC-PDA for the quantitative analysis of terpenes and ter-
penoids in culinary aromatic herbs, including thyme, oregano, rose-
mary, and basil. SBSE showed superior performance for highly volatile
and hydrophobic compounds due to the strong affinity of the PDMS
phase, while UAE using ethanol-water mixtures was more suitable for
oxygenated and relatively polar constituents and offered a greener and
more scalable approach. Both methods showed acceptable precision and
validation performance, with extraction efficiency mainly influenced by
solvent composition, extraction time, and matrix characteristics. Over-
all, this comparative evaluation highlights SBSE as a sensitive
laboratory-oriented tool for non-polar terpene profiling, whereas UAE
provides a simpler and environmentally friendlier alternative for polar
analytes. Together, the two approaches offer complementary strategies
for quality control and phytochemical analysis in food, herbal, and
pharmaceutical applications.
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