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Abstract: Hemp essential oils are rich in bioactive compounds, including terpenes and
cannabinoids, yet standardized analytical methods for their simultaneous quality control
are limited. This study aimed to (i) validate a static headspace gas chromatography—-mass
spectrometry (SHS-GC-MS) method for simultaneous quantification of 20 terpenes and
2 cannabinoids and (ii) apply it to fingerprint essential oils from four hemp strains, in-
cluding local (HRDI2, HRDI5) and internationally cultivated (Charlotte’s Angel, Cherry
Wine) varieties. The method met AOAC validation criteria, with detection limits of
0.025-0.5 ug/mL for terpenes and 1 ug/mL for cannabinoids. Quantitation limits ranged
from 0.1-1 pg/mL for terpenes and 5 pg/mL for cannabinoids. Intraday precision (%RSD)
ranged from 0.27-11.00%, while interday precision ranged from 3.14-13.89%. The method
recoveries ranged from 85.12-115.47%. Precision and recovery confirmed the method’s
reliability. Multivariate statistical analysis identified 82 metabolites, revealing distinct
chemical fingerprints among strains, and emerged as newly identified chemotype mark-
ers, supporting chemotype classification. This work demonstrates, for the first time, a
solvent-free, automatable SHS-GC-MS approach for simultaneous terpene and cannabinoid
profiling in hemp essential oils, enabling both qualitative and quantitative characterization
and supporting regulatory compliance for the development of standardized phytopharma-
ceutical products.

Keywords: cannabidiol; terpenes; hemp; headspace sampling; multivariate analysis

1. Introduction

Hemp refers to Cannabis sativa L., a versatile plant belonging to the Cannabaceae
family, cultivated globally for its industrial, food, and medicinal applications [1]. Distin-
guished by its low levels of the psychoactive compound delta-9-tetrahydrocannabinol
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(A9-THC) [2], hemp has emerged as a valuable commodity in sectors ranging from tex-
tiles and biodegradable plastics to nutrition and pharmaceuticals [1]. The global demand
for low-A9-THC hemp is on the rise, with an annual market value estimated between
$100-200 million [3], largely driven by consumer preferences for sustainable, plant-based
products. To ensure legal compliance, regulatory frameworks in many countries strictly
limit the A9-THC content in hemp—typically to below 0.3% by dry weight, as seen under
United States federal law and in the European Union [4]. These thresholds underscore the
need for robust and accurate analytical methods for A9-THC quantification, especially as
international trade in hemp-derived goods continues to expand.

Among hemp’s most valuable components are its inflorescences, which house a
complex array of secondary metabolites [5,6] within the glandular trichomes [5]. These
metabolites are not only central to the plant’s therapeutic potential but also serve as the
primary chemical foundation of hemp essential oil (EO). Once overlooked, EO is now
gaining significant traction across industries due to its bioactivity and sensory attributes. It
has shown promise in botanical insecticides [7], antimicrobials [8], and as natural flavoring
agents [9] in the food and beverage industry. Additionally, the volatile compounds in EO
contribute to its unique and attractive fragrance [10]. As consumer demand for natural
over synthetic fragrances grows, the essential oils market, valued at over $7.51 billion in
2018, is projected to expand at a compound annual growth rate exceeding 9% from 2019 to
2026 [11]. This growth underscores the substantial potential of EO as a niche product with
diverse applications [12].

The EO’s composition includes monoterpenes such as a-pinene, myrcene, and ter-
pinolene; sesquiterpenes such as x-humulene and caryophyllene; and cannabinoids, with
cannabidiol (CBD) being the predominant compound. A9-THC is either absent or present
only in trace amounts [12-15]. The combined presence of cannabinoids and terpenes con-
tributes to what is known as the entourage effect, wherein synergistic interactions enhance
therapeutic efficacy [16,17]. For instance, formulations combining terpenes with CBD have
demonstrated enhanced antiviral activity against human coronavirus E229, outperforming
positive controls such as pyrazofurin and glycyrrhizin [18]. Such findings highlight the
importance of profiling EO not only for compositional integrity but also for identifying
functional ingredients.

As global demand accelerates, ensuring the quality, consistency, and safety of hemp-
derived products is now a crucial challenge for manufacturers and regulators alike. Conse-
quently, standardized analytical protocols are essential for accurately assessing product
composition [19]. Analytical tools must keep pace with market expansion and the evolving
regulatory landscape. Gas chromatography (GC), particularly when coupled with flame ion-
ization detection (FID) or mass spectrometry (MS), remains the gold standard for analyzing
volatile and semi-volatile compounds in hemp, including terpenes and cannabinoids [19].
Conventional GC analyses are typically conducted at elevated temperatures that convert
acidic cannabinoids—e.g., cannabidiolic acid (CBDA) and tetrahydrocannabinolic acid
(THCA)—into their neutral forms (CBD, A9-THC). This total cannabinoid content is often
measured as it represents the pharmacological activity of the material, unless otherwise
required by specific regulations [19,20].

Sample preparation for GC analysis is crucial for reliable results. Conventional solvent
extraction, though effective, is a multistep process that uses environmentally hazardous
solvents and may involve heat, which can alter the natural terpenoid composition [21].
However, headspace (HS)-based methods, especially static headspace (SHS) and headspace
solid-phase microextraction (HS-SPME), offer solvent-free alternatives aligned with green
chemistry principles [19]. HS-SPME has been widely used to simultaneously assess ter-
penes and cannabinoids in plant matrices [20,22]. However, this method presents certain



Sci. Pharm. 2025, 93, 27

30f16

drawbacks, including high cost, fiber fragility, and sample carryover [23]. SHS, by con-
trast, offers simpler workflows, lower costs [24], straightforward sample preparation, and
minimal contamination [21,25], making it highly suitable for routine quality control in
EO analysis.

Nevertheless, reliable methods for simultaneous quantification of terpenes and
cannabinoids in EO using SHS are scarce. Such methods are critical for global quality
control, product standardization, and regulatory compliance, especially as hemp products
enter complex international markets. The distinctive volatile profiles of EOs from different
hemp strains offer valuable insights into their pharmacological potential and suitability
for food applications. Therefore, this study aimed to address the growing global need
for robust quality control methods for hemp-derived products by (i) validating a SHS-
GC-MS method for the simultaneous quantification of 20 terpenes and 2 cannabinoids
and (ii) applying multivariate statistical analysis to investigate the chemical fingerprints
of EOs from four genetically diverse hemp strains including both local two local strains
(HRDI2, HRDI5) and internationally cultivated (Charlotte’s Angel; CA, Cherry Wine; CW)
varieties. The resulting profiles provide insights into varietal discrimination, potential
chemotype markers, and compositional consistency, with implications for international
trade, regulatory compliance, and functional product development.

2. Materials and Methods
2.1. Chemicals and Reagents

CBD (purity > 99.9%) was purchased from THC Pharm GmbH (Frankfurt am Main,
Germany). A9-THC (purity > 95%) was prepared from the cannabis samples. All the
narcotic test materials were legalized for research purposes by the Narcotics Control
Division, Food and Drug Administration, Thailand. A terpene reference standard mixture
at 2500 ug/mL, including myrcene (purity 89.4%), a-pinene (purity 99.5%), a-humulene
(purity 94.7%), (—)-isopulegol (purity 100%), -ocimene (purity 97%), (—)-guaiol (purity
99.0%), y-terpinene (purity 97.1%), B-pinene (purity 100%), camphene (purity 94.2%),
(+)-limonene (purity 98.4%), linalool (purity 98.6%), terpinolene (purity 97.2%), (—)-«-
bisabolol (purity 94.5%), a-terpinene (purity 92.0%), 3-caryophyllene (purity 99.0%), and
delta-3-carene (purity 98.1%), was purchased from AccuStandard (New Haven, CT, USA).
Fenchol (purity > 95.0%) and «-terpineol (purity > 96.0%) were purchased from Chanjao
Longevity Co., Ltd. (Bangkok, Thailand). Tridecane (purity > 99.0%) was purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). (—)-Caryophyllene oxide (purity >
99.0%) and (—)-terpinen-4-ol (purity > 95.0%) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). LC-grade acetone was purchased from Merck (Darmstadt, Germany).
Coconut oil was purchased from Lam Soon (Thailand) Public Company Limited (Samut
Prakan, Thailand).

2.2. Plant Materials and Essential Oil Extraction

Hemp inflorescences of the HRDI2 and HRDI5 strains were obtained from the High-
land Research and Development Institute (Public Organization) in Chiangmai, Thailand.
The CW strain was obtained from Climat Thai Farm in Mukdahan, Thailand. The CA
strain was obtained from the Ple La Ploen Community Enterprise in Buriram, Thailand.
The inflorescences were extracted in triplicate using microwave-assisted extraction (Mile-
stone ETHOS X advanced microwave extraction system, Italy), with water as the solvent
for 40 min. The EO yields varied by strain, with values of 0.26 £ 0.04%w/w for HRDI2,
2.86 £+ 0.22%w/w for HRDI5, 0.03 £ 0.02%w/w for CA, and 0.01 £ 0.01%w/w for CW.
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2.3. Standard and Sample Preparation for SHS-GC-MS

A mixture of 22 analytes containing terpenes and cannabinoids was prepared in
acetone. For the construction of calibration curves, a single stock solution of the analyte
mixture was prepared to achieve a final concentration of 200 pg/mL. Calibration curves
were prepared in the range of approximately 0.5 to 100 pg/mL. Each calibration solution
included tridecane at a concentration of 150 ng/mL as an internal standard. An aliquot of
20 pL from each concentration was used to prepare the calibration curves.

An amount of 50 mg of EO was weighed and dissolved in acetone to prepare a
50 mg/mL solution, along with 150 pg/mL of tridecane. The sample was diluted with
acetone to fall within the working range for determination. Samples were prepared in
triplicate to ensure reproducibility. Subsequently, 20 uL of the sample was submitted for
SHS-GC-MS analysis. All samples were prepared in 20 mL flat-bottom HS vials, sealed
with 20 mm PTFE septa caps using a crimper (Agilent Technologies, Santa Clara, CA, USA).

2.4. SHS-GC-MS Analysis

Analyses were performed using a 7890B gas chromatograph coupled with a 5977B
mass spectrometer and a 7697A Headspace sampler (Agilent Technologies, Singapore).
Separation was achieved using an Rtx-50 crossbond 50% phenyl/50% methyl polysiloxane
(30 m, 0.25 mm ID, 0.25 pm df) from Restek Corporation (Bellefonte, PA, USA). The SHS
sampling conditions were optimized and the final settings were as follows. The samples
were heated to 200 °C for 5 min to reach equilibrium. The loop temperature was set to
200 °C, the transfer line to 250 °C, and the gas phase was injected into the GC-MS for
analysis. The injection time was 0.5 min.

For GC analysis, the oven temperature was initially set to 60 °C (held for 3 min),
increased at 20 °C/min to 290 °C (held for 6 min), then raised to 300 °C at 40 °C/min (held
for 3 min). The injection volume was 5 pL with a split ratio of 1:30. Helium was used
as the carrier gas at a flow rate of 1 mL/min. The injector, transfer line, and ion source
temperatures were 310 °C, 200 °C, and 280 °C, respectively.

For the MS detection, data acquisition was performed in SIM/SCAN mode. In SCAN
mode, electron ionization (EI) was set at 70 eV, operating in full-scan acquisition mode over
the m/z range of 40-750. In SIM mode, data were collected using selected ion monitoring
mode with a dwell time of 50 ms. The qualifier ions for each analyte were chosen based on
abundance to maximize the signal-to-noise ratio in matrix samples (Table 1).

Table 1. Identification and quantification parameters for terpenes and cannabinoids analyzed by
SHS-GC-MS, including retention time windows, chemical formulas, exact masses, and selected ions
used for quantification and qualification.

Compound Timc(en‘i\ilill;dow Formula Exact Masses Quﬁ) I;:l(ﬁn: 7;)1 on Qual(;fii/e;)lons
a-pinene 3.0-5.8 CioHig 136.13 93 43,91,93, 121
camphene 3.0-5.8 C1oHis 136.13 93 43,91,93, 121
[-pinene 5.8-6.3 CioHig 136.13 93 69,91,92,93
myrcene 5.8-6.3 CioHig 136.13 69 69,91, 92,93
delta-3-carene 6.3-7.3 C10Hi6 136.13 93 67,91,93, 121
a-terpinene 6.3-7.3 CioHig 136.13 121 67,91, 93,121
(+)-limonene 6.3-7.3 C1oHis 136.13 67 67,91, 93,121
cis-f3-ocimene 6.3-7.3 CioHig 136.13 91 67,91,93,121
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Compound Time(en‘;\ililr)\dow Formula Exact Masses Quﬁ) I;tl(ﬁn: /azt)l on Qual(;fli/e;)lons
Y-terpinene 6.3-7.3 CioH1e 136.13 93 67,91,93,121
terpinolene 7.3-7.8 CioH1e 136.13 121 71,93,121, 136
Linalool 7.3-7.8 C10H180 154.14 93 71,93, 121, 136
Fenchol 7.8-8.1 C10H150 154.14 93 59,93, 121
(—)-isopulegol 8.1-8.4 C10H180 154.14 121 43,57,71,121
tridecane 8.1-8.4 Ci3Hpg 184.22 57 43,57,71,121
(—)-terpinen-4-ol 8.4-9.0 C10H180 154.14 111 59,93, 111, 121
a-terpineol 8.4-9.0 C10H180 154.14 93 59,93, 111, 121
-caryophyllene 9.5-10.2 Ci5Hyy 204.19 133 133, 161, 189
a-humulene 10.2-10.5 Ci5Hyy 204.19 93 80,93, 121, 147
(—)-guaiol 11.2-11.8 Ci5Hp6O 222.20 161 59,79, 121, 161
(—)-caryophyllene oxide 11.2-11.8 Cy5Hp40 220.18 79 59,79,121, 161
(—)-o-bisabolol 11.8-12.4 Ci15Hp6O 222.20 69 69, 105, 119
CBD 15.0-23.0 Cy1H300, 314.22 231 231, 299, 310, 314
A9-THC 15.0-23.0 Cr1H300, 314.22 299 231,299, 310, 314

2.5. Optimization of the SHS Sampling

To optimize headspace sampling conditions, extraction times of 5, 10, and 15 min at
200 °C, as well as extraction temperatures of 150, 175, and 200 °C for 5 min, were tested. The
analytes selected for optimization, each at a concentration of 50 ug/mL, included x-pinene,
camphene, 3-pinene, x-terpinene, (+)-limonene, (—)-terpinene-4-ol, 3-caryophyllene, -
humulene, (—)-caryophyllene oxide, CBD, and A9-THC. Each experimental condition was
performed in triplicate. The peak areas of these compounds were recorded and normalized
to the internal standard (tridecane) to determine the optimal conditions for SHS sampling.

2.6. SHS-GC-MS Method Validation

The SHS-GC-MS method was validated for the determination of terpenes and cannabi-
noids according to AOAC guidelines [26], including linearity, limits of detection (LODs),
limits of quantitation (LOQs), precision, and accuracy evaluations. A mixture of terpene
and cannabinoid standards was prepared and diluted with acetone to obtain working
concentrations of 0.5, 1, 5, 10, 25, 50, and 100 pug/mL. The LODs and LOQs of the SHS-
GC-MS method were determined based on signal-to-noise ratios, comparing the signal
from known low concentrations of standard solutions with background noise. Intraday
and interday precision were assessed using nine determinations across the specified range
at three different concentrations of standard solutions. The relative standard deviation
(%RSD) was calculated. Accuracy was evaluated by adding mixed standard solutions at
three concentration levels to sample solutions of coconut oil and calculating the average
recovery percentage for both terpenes and cannabinoids.

2.7. Data Processing and Multivariate Analysis of Essential Oils

All samples were analyzed in triplicate by SHS-GC-MS analysis and a single pool of
all samples was used as a quality control (QC). The QC sample was processed to monitor
the reproducibility and stability of the system and was injected at the beginning and
periodically throughout the analysis. Raw HS-GC-MS files were converted to .mzML
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format using ProteoWizard 3.0 MSConvert and processed using Mzmine 4.4.3 software.
Five main steps—mass detection, chromatogram building, feature resolving, spectral
deconvolution, and alignment—were adapted from the literature [27] and carried out.
Mass detection was set in centroid mode, and the noise level was set at 1 x 103. The
GC-MS chromatogram builder was configured with a minimum of 5 consecutive scans, a
minimum intensity of 1 x 104, a minimum absolute height of 1 x 104, and an m/z tolerance
of 0.01. The local minimum resolver module, used to resolve co-eluting and overlapping
chromatographic peaks, was set as follows: chromatographic threshold, 90%; minimum
search range RT/mobility, 0.05; minimum relative height, 0.001%; minimum peak top/edge
ratio, 1.50; peak duration range, 0.00-2.00 min; and minimum number of scans, 4. Spectral
deconvolution to construct fragmentation spectra for metabolites was carried out by RT
grouping and shape correlation with the following parameters: retention time tolerance,
0.02 min; minimum signals in pseudo spectrum, 10; and minimum shape similarity, 0.9.
Peak lists were all aligned using the GC aligner with an m/z tolerance of 0.01, RT tolerance
of 0.1 min, and RT weight of 0.7. The minimum cosine similarity was set at 0.2. The aligned
peak list was then exported as a .csv file, consequentially providing a feature ID number,
m/z, RT, and peak area for each feature in all samples.

The dataset was then imported into Metaboanalyst 6.0 software for multivariate data
analysis [28]. The following parameters were used: sample normalization by reference
feature of internal standard; no data transformation; and Pareto-scaling (mean-centered
values divided by the square root of the standard deviation). Principal component analysis
(PCA) and hierarchical cluster analysis (HCA) were used to assess the unsupervised
clustering pattern of essential oil compositions from different strains. For HCA, Euclidean
distances were set as the distance measure and Ward’s linkage as the clustering algorithm.
Clustering results were visualized as a heatmap and dendrogram.

3. Results and Discussion
3.1. Optimization of the SHS Sampling

Since the simultaneous quantification of terpenes and cannabinoids in EO using SHS
has not been previously reported, optimizing SHS conditions, especially incubation time
and temperature, is essential. A standard solution containing representative terpenes and
cannabinoids, including «-pinene, camphene, 3-pinene, x-terpinene, (+)-limonene, (—)-
terpinen-4-ol, 3-caryophyllene, x-humulene, (—)-caryophyllene oxide, CBD, and A9-THC,
was used for the optimization process. The effects of temperature (150, 175, and 200 °C)
and incubation time (5, 10, and 15 min) on SHS extraction were evaluated based on the
peak areas of representative compounds (50 pg/mL) normalized to tridecane (150 pg/mL),
as shown in Figure 1.

Regarding the effect of temperature, cannabinoids have low volatility (boiling points
calculated using Solaris V4.67: CBD, 392 & 27 °C; A9-THC, 390 £ 27 °C), suggesting that
higher temperatures can enhance their extraction into the HS [29]. Ilias et al. demonstrated
that cannabinoid extraction should be performed at 150 °C to maximize their recovery in
short sampling times (i.e., 5 min) when using SPME [29]. In contrast, terpenes are more
volatile, which allows for efficient extraction at lower temperatures. To address these differ-
ences, our study extended the temperature range from 150 °C to 200 °C to ensure sufficient
volatilization of both the low-volatility cannabinoids and the high-volatility terpenes.

Our results demonstrated that higher temperatures improved the extraction of cannabi-
noids and some monoterpenes (e.g., «-pinene, camphene, 3-pinene, «-terpinene, (+)-
limonene). However, no significant difference was observed for (—)-terpinen-4-ol, f3-
caryophyllene, a-humulene, and (—)-caryophyllene oxide. Interestingly, an extraction
temperature of 200 °C efficiently extracted all compounds without causing significant
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thermal degradation. These results align with findings by Czégény et al., who investigated
the effect of temperature on the composition of pyrolysis products of CBD in e-cigarettes
by testing different operating temperatures (250-400 °C). They reported that depending on
the temperature and atmosphere 25-52% of CBD can be converted into other cannabinoids,
such as A9-THC, delta8-tetrahydrocannabinol, cannabinol, and cannabichromene [30],
underscoring the risk of thermal degradation at elevated temperatures.
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Figure 1. Optimization of the SHS-GC-MS method for representative terpenes and cannabinoids,
illustrating the effect of extraction temperature (A) and extraction time (B). Panel A was performed
at an extraction time of 5 min, and panel B was performed at an extraction temperature of 200 °C.
Results are presented as mean =+ SD (n = 3). Note: a—c: different superscripted letters in the same
column indicate significant differences (p < 0.05), and ns indicates a non-significant difference, based
on Tukey’s multiple comparison test.

For the effect of extraction time, cannabinoids exhibited higher peak areas relative
to tridecane at 5 min, but their levels decreased with longer incubation durations. While
some monoterpenes (e.g., ®x-pinene, camphene, 3-pinene, x-terpinene, (+)-limonene) in-
creased slightly with longer incubation times, no significant changes were observed for
(—)-terpinen-4-ol, 3-caryophyllene, a-humulene, and (—)-caryophyllene oxide. The degra-
dation of CBD and A9-THC was observed at extended incubation times (10-15 min).
However, specific degradation products or other cannabinoids were not detected or iden-
tified in our analysis. The short extraction time minimizes thermal decomposition while
still providing efficient simultaneous analysis. Therefore, an incubation time of 5 min
at 200 °C provided the optimal balance between extraction efficiency and minimal ther-
mal degradation.
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3.2. SHS-GC-MS Method Validation

The SHS-GC-MS method was developed and validated according to AOAC guide-
lines [26] for the identification and quantification of the 20 terpenes and 2 cannabinoids in
EO (Figure 2A). The chromatogram achieved satisfactory separation and retention time for
terpenoids and cannabinoids within 23.75 min. Tridecane (C13) was selected as the internal
standard since it was found that its retention time falls between the mono- (C10) and
sesquiterpenes (C15), and it was not present in cannabis extracts as described by previous
work [31]. However, in our study, tridecane partially overlapped with (—)-isopulegol,
necessitating the use of selected ion monitoring (SIM) for improved quantification. SIM en-
abled the isolation of specific ions, reducing matrix interferences and improving analytical
sensitivity. Thus, quantification of terpenes and cannabinoids was performed using SIM,
which is more sensitive than the full scan mode and enhances precision [32].
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(4) myrcene (9)  y-terpinene (14) tridecane (19)  (-)-guaiol
(5) - delta-3-carene (10)  terpinolene (15) (-)-terpinen-4-ol (20)  (-)-Caryophyllene oxide

Figure 2. +EI TIC (MS) chromatogram of the standard mixture of terpenes and cannabinoids at
100 pg/mL (A) and hemp essential oil at 50 mg/mL obtained from the HRDI2 strain (B), HRDI5
strain (C), Charlotte’s Angel (CA) strain (D), and Cherry Wine (CW) strain (E).

In our study, no significant matrix effect was observed. Carryover, matrix effect,
and extraction efficiency were not assessed because the solvent-free, static headspace
approach inherently minimizes direct sample matrix contact with the injection system,
eliminating common sources of these issues. Method validation results are summarized in
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Table 2. The LOD for individual terpenes and cannabinoids ranged from 0.025 to 1 ug/mL,
while the LOQ ranged from 0.1 to 5 ug/mL. Some terpenes, such as x-pinene, camphene,
and (-pinene, exhibited lower LOQ values than previously reported [21]. The working
ranges were linear: 0.5-25 ng/mL for a-pinene, camphene, 3-pinene, myrcene, delta-3-
carene, x-terpinene, (+)-limonene, cis-3-ocimene, y-terpinene, terpinolene, linalool, fenchol,
(—)-terpinen-4-ol, a-humulene, (—)-guaiol, (—)-caryophyllene oxide, and (—)-a-bisabolol;
1-50 ug/mL for (-)-isopulegol, a-terpineol, and 3-caryophyllene; and 5-100 ug/mL for
CBD and A9-THC, with r? values > 0.99 for all analytes. Intraday precision (%RSD) ranged
from 0.27% to 11.00%, while interday precision ranged from 3.14% to 13.89%, with all
values below the acceptable threshold of 20% [21]. Based on the literature and the physico-
chemical properties of terpenes and cannabinoids [33,34], recovery was tested using spiked
blank coconut oil. Average recoveries of terpenes and cannabinoids spiked into placebo
oil samples were also calculated. All analytes showed accuracies within 85.12-115.47%,
which is within the acceptable range of 75-120% defined by AOAC guidelines [26]. These
results demonstrate the method’s accuracy, precision, and reliability for quantifying ter-
penes and cannabinoids in EO. This study represents the first attempt to develop a reliable
SHS-GC-MS method for the simultaneous quantification of both terpenes and cannabi-
noids in EO. Moreover, the SHS-GC-MS method offers key advantages over commonly
used techniques such as HS-SPME. Specifically, SHS requires no costly or delicate fiber
assemblies, resulting in significantly lower operational costs and easier method setup. SHS
streamlined, solvent-free sample preparation reduces sample handling and potential matrix
interferences, thereby minimizing variability and enhancing reproducibility, and is well
suited for routine use in quality control laboratories.

Table 2. Validation parameters for the SHS-GC-MS method, including retention times (RT), linearity
(r?), limits of detection (LOD), limits of quantification (LOQ), %RSD of intra- and inter-day precision,
and %recovery for terpenes and cannabinoids in hemp essential oils (EO).

LOD LOQ RT 2 Regression o Average %
Compound (ug/mL) (ug/mL)  (min) ! Equation %RSD Recovery
Intraday Interday Spiked
(n=3) (n=9) (ug/mL)
Standard Standard
(ng/mL) (ug/mL)
0.8 8 20 0.8 8 20 0.8 8 20
a-pinene 0.025 0.1 5.20 0.998 y_: 88(1)82)( 20 16 52 84 136 59 965 887 888
camphene 0.025 0.1 5.60 0.9982 Yj ggggéx 27 15 49 51 112 96 953 103.8 96.6
[-pinene 0.025 0.1 6.00 09981 Y i%%loofx 32 60 13 68 124 45 875 1059 101.5
myrcene 0.1 0.5 6.11 0.9977 y_=006%0157x 22 76 16 73 131 6.7 86.8 106.7 87.3
delta-3-carene 0.025 0.1 6.30 0.9993 Yj gggggx 109 45 08 116 126 9.7 1048 111.7 1114
o-terpinene 0.1 0.5 6.51 0.9977 Y_= 8835?( 52 61 35 124 103 62 887 101.6 984
(+)-limonene 0.1 0.5 660 09971 y—:oob%%ix 34 53 09 137 64 51 978 904 100.6
cis-3-ocimene 0.1 0.5 6.84 0.997 y =0.009x 54 47 12 126 121 101 924 96.0 101.0

—0.0015
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Table 2. Cont.

LOD LOQ RT > Regression o Average %
Compound (ug/mL) (ug/mL) (min) ! Equation %RSD Recove
8 q ry
Intraday Interday Spiked
(n=3) n=9) (ug/mL)
Standard Standard
(ug/mL) (ug/mL)
0.8 8 20 0.8 8 20 0.8 8 20
Y-terpinene 0.1 0.5 7.07 0.9968 yj gggggx 72 56 24 109 54 35 1034 111.8 95.1
terpinolene 0.1 0.5 7.40 0.9964 y_= (())(())(()]gix 30 50 03 80 47 33 878 900 97.6
linalool 0.1 0.5 7.60 0.9988 y_: 888%1)( 42 50 55 95 102 43 851 103.5 959
fenchol 0.1 0.5 7.90 0993 Y~ 0.001x 89 12 94 87 139 74 904 106.2 100.4
— 0.0002
(—)-terpinen-4-ol 0.1 0.5 850 09984 Y~ 8'833" 20 35 41 78 78 56 863 967 88.0
a-humulene 0.025 0.1 10.34  0.9985 yi%%%916x 25 46 53 88 88 55 1005 102.0 93.4
(—)-guaiol 0.1 0.5 11.45 0.9948 yj gggfgx 08 110 78 83 86 52 952 87.6 90.3
(_)'Cag(i’dp:yuene 0.1 0.5 1156 0995 Y~ 8'83(2)?‘ 23 68 11 65 83 77 1011947 925
—)-«-bisabolo . . . . b . . . . . . . . .
(—)-o-bisabolol 0.1 0.5 11.93  0.9941 y_ggggx 08 56 65 118 126 4.0 931 1155 969
8 20 40 8 20 40 8 20 40
(—)-isopulegol 0.5 1 823 09972 Y~ 8'883" 78 64 25 77 87 31 983 942 1041
x-terpineol 0.5 1 8.71 0.9946 Yj 888411;)( 38 52 36 43 37 38 869 991 96.0
B-caryophyllene 0.5 1 10.03  0.9985 yf(?g)002225x 36 59 06 98 70 47 1043974 938
CBD 1 5 16.40 0.9939 y_zoobol(f;x 87 27 38 102 53 3.6 1062 947 877
A9-THC 1 5 17.26 0.9975 Yj gggggx 25 70 31 43 134 8.0 100.0 8.2 1133

3.3. Quantitative Analysis of Terpenes and Cannabinoids in Hemp Essential Oil (EO)

The validated SHS-GC-MS method was applied to analyze essential oils (EOs) from
four hemp strains: HRDI2, HRDI5, CA, and CW (Figure 2B-E). Both terpenes and cannabi-
noids were quantified, with the results presented in Table 3. Significant compositional
differences were observed among the EOs, expressed as average %w/w £+ SD (n = 3).
Myrcene and 3-caryophyllene were the dominant compounds across all samples, though
their concentrations varied notably. Among the local strains, HRDI2 contained the highest
myrcene content (15.35%), followed by HRDI5 (2.84%). Myrcene is widely recognized
for its anxiolytic, antioxidant, anti-aging, anti-inflammatory, and analgesic properties [35],
which may contribute to the calming effects associated with HRDI2 EO. In contrast, {3-
caryophyllene, a sesquiterpene known as a selective phytocannabinoid agonist of type
2 cannabinoid receptors (CB2), exerts anti-inflammatory and analgesic effects [36]. It
was most abundant in the international strains with CW exhibiting the highest concen-
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tration (11.34%), while CA showed elevated levels of both (3-caryophyllene (7.69%) and
myrcene (7.00%), suggesting a potential synergistic profile that combines the pharmaco-
logical effects of both compounds. Additionally, x-pinene was consistently present at
concentrations > 1% across all EOs and is associated with anti-inflammatory, antioxidative,
and neuroprotective effects, potentially contributing to the overall therapeutic benefits of
these oils [37].

Table 3. Quantitative analysis of 20 terpenes and 2 cannabinoids in essential oils (EOs) from four
hemp strains (HRDI2, HRDI5, CA, and CW), determined by SHS-GC-MS. Data are presented as
mean =+ standard deviation (%w/w, n = 3). ND = not detected; BQL = below the quantification limit.

Average %w/w £ SD,n=3

Compound

HRDI2 HRDI5 CA CW
a-pinene 2.35+£0.78 1.65 + 0.04 0.99 £0.20 5.08 £ 0.98
camphene 0.05 £ 0.00 0.12 £0.02 0.23 £ 0.00 0.24 £ 0.00
[-pinene 0.92 £0.37 0.63 £ 0.01 0.53 £0.10 1.35+0.31
myrcene 15.35 + 1.80 2.84 £0.04 7.00 £1.54 2.38 £ 0.54
delta-3-carene ND 0.10 £ 0.00 0.15 £+ 0.02 0.03 £ 0.00
x-terpinene 0.01 £ 0.00 0.08 £ 0.00 0.13 £0.02 0.14 £ 0.02
(+)-limonene 0.15+0.04 0.38 £ 0.01 2.71 £0.59 1.18 £ 0.28
cis-B-ocimene 2.65 £ 0.96 0.10 £ 0.01 0.21 £0.04 0.14 £0.03
y-terpinene ND 0.06 £ 0.01 0.05 £ 0.01 0.13 £ 0.02
terpinolene ND 0.33 £0.01 071 £0.15 0.11 £ 0.02
linalool 043 £0.10 0.16 £ 0.01 1.57 £ 0.30 0.42 £+ 0.08
fenchol ND ND 0.62 £0.10 0.24 £ 0.07

(—)-isopulegol ND ND ND ND
(—)-terpinen-4-ol 0.01 £0.00 0.03 £0.00 0.14 £0.01 0.11 £0.01
a-terpineol ND 0.07 £ 0.00 0.37 £ 0.06 0.50 £ 0.11
-caryophyllene 4.07 £1.19 1.03 +0.07 7.69 £1.55 11.34 +£2.78
a-humulene 1.24 + 0.56 0.32 £0.04 213 £0.45 343 £0.77
(—)-guaiol ND ND 0.55 £ 0.04 2.28 £0.53
(—)-caryophyllene oxide 0.67 £0.23 0.11 £0.03 2.02 +£0.50 1.12 £0.22
(—)-a-bisabolol 0.38 £ 0.06 0.19 £ 0.00 071 £0.13 1.66 + 0.39
CBD BQL 0.01 £ 0.00 ND 0.75+0.14

A9-THC ND ND ND ND

These findings align with the previous literature, where {3-caryophyllene (45.4%),
myrcene (25.0%), and x-pinene (17.9%) were reported as major constituents in EO derived
from hemp cv. Felina 32 [7]. Other terpenes exhibited high variability among the samples,
contributing to their distinct aromatic profiles of the EOs (see Table 3).

Moreover, cannabinoid analysis revealed that CBD was below the quantification
limit (BQL) in most samples, except for CW (0.75 £ 0.14%). A9-THC was not detected in
any sample, confirming compliance with industrial hemp regulations (<0.3% THC). The
chemical composition of EO is influenced by several factors, including cultivar, harvesting
period, and the extraction and processing methods used for the raw material [14,38].
These results underscore the critical role of rigorous quality control to ensure consistent
characterization and quality of EO.

To gain deeper insights into the chemical diversity and better understand the unique
volatile profiles, a multivariate analysis of hemp EO was conducted. This approach enabled
a comprehensive evaluation of the data, shedding light on correlations between chemical
profiles, the distinctive properties, and potentially therapeutic profiles of each strain.
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3.4. Multivariate Analysis of Hemp Essential Oils (EO)

To comprehensively compare the chemical compositions of different hemp strains,
multivariate statistical analysis was performed using the peak area data obtained from the
SHS-GC-MS analysis. PCA and HCA were used to investigate chemical differences among
the four EO samples based on their volatile metabolite profiles. A total of 82 metabolites
were identified using multivariate analysis. PCA revealed a significant compositional
variance, with principal components 1 and 2 (PC1 and PC2) accounting for 73.9% of the
total variance. The PCA score plot (Figure 3A) clearly separated the samples, with CW and
HRDI2 samples forming distinct clusters away from the other varieties.
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Figure 3. Principal component analysis (PCA) score plot (A), PCA loading plot (B), and PCA biplot
of the top 30 discriminating compounds (C) derived from the GC dataset of four hemp essential oils
(EOs) obtained from the inflorescences of HRDI2, HRDI5, Charlotte’s Angel (CA), and Cherry Wine
(CW). All plots were generated using MetaboAnalyst 6.0.

The compound-level contribution to group separation is shown in the PCA loading
plot (Figure 3B), and the biplot visualizes the distribution of compounds and samples
(Figure 3C). The key compounds responsible for this separation were myrcene, sabinene,
x-pinene oxide, cis-calamenene, 3-ocimene, cyclosativene, nerolidol, eremophilene, and
aromandendrene, all of which showed high factor loadings on the positive side of PC2,
indicating their higher abundance in the HRDI2 variety. Among these, cis-calamenene and
cyclosativene emerged as newly identified chemotype markers, not previously reported in
EO chemoprofiling and unique to the local HRDI2 variety.

CW, located in the lower right side of the PCA score, exhibited a unique profile
characterized by CBD and terpene such as (3-caryophyllene, 3-eudesmol, x-farnesene, -
humulene, (—)-a-bisabolol, selina-3,7(11)-diene, (—)-guaiol, (—)-terpinen-4-ol, y-eudesmol,
and longifolene-(V4). This finding is in accordance with the study by Valtcho and Fil-
ippo [39], which reported that the EO of CW was predominantly composed of myrcene,
-caryophyllene, selina-3,7(11)-diene, and CBD.

In contrast, CA was predominantly associated with (+)-limonene, further emphasizing
the varietal differences. This result aligns with the previous literature [16], which classified
CA within a chemotype group characterized by limonene and (3-caryophyllene. Interest-
ingly, the local and international varieties, HRDI5 and CA, clustered closely together in
the PCA score plot, suggesting similarities in their chemical profiles, particularly in their
terpinolene content.

HCA provided additional insights into the clustering of samples. The dendrogram
(Figure 4) identified three major clusters (I-III). Cluster I comprised CW, and Cluster II
included HRDI2—both separated by considerable Euclidean distance, indicating substantial
chemical divergence from the other samples. Cluster III included HRDI5 and CA, which
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shared similar profiles, particularly in terpinolene content. Additionally, the heatmap
(Figure 4) visualizes compound abundance using color intensity, with reddish shades
indicating higher relative levels. This representation confirmed the chemical differentiation
of the EOs, especially in monoterpenes, sesquiterpenes, and CBD.

Hierarchical Clustering Dendrogram Hierarchical Clustering Heatmaps
: -
Cluster I cwanl
humulene-1,2-epoxi
Cw.n2 sabinéne 1
eremophilene
— beta-ocimene 0.5
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CA.n2
(-)-caryophyllene oxide
D30
CA.n1 1028
(+)-limonene
terpinolene
CA.n3 gamma-eudesmol
(-)-terpinen-4-ol
Cluster ITI alpha-terpineol
¢ 6 longifolene-(V4)
HRDIS.N2 ©-guaiol
five
(-)-alpha-bisabolo
= Charlotte's Angel HRDIS.n1 D37
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Figure 4. Hierarchical clustering dendrogram and heatmap analysis of four EOs derived from the
inflorescences of HRDI2, HRDI5, Charlotte’s Angel (CA), and Cherry Wine (CW) conducted using
Ward’s method with the Euclidean distance. The heatmap visualizes the top 40 compounds with the
highest variation among the samples, with color contrast representing their relative abundance. This
analysis was performed using MetaboAnalyst 6.0.

Overall, the multivariate analysis revealed distinct chemical profiles for each hemp
EO variety cultivated in Thailand, highlighting the considerable variability in terpene
and cannabinoid content across strains. Strain-specific biomarkers such as myrcene, ter-
pinolene, and CBD contributed to chemotype differentiation and were consistent with
prior reports. This study represents the first effort to profile and compare the chemical
fingerprints of hemp EOs from both local and internationally cultivated strains under
Thai growing conditions. These findings support the application of chemometric tools
for chemotype classification and the rational development of EO-based products in the
medicinal, therapeutic, and food sectors.

4. Conclusions

In conclusion, this study successfully developed and validated a SHS-GC-MS method
for the simultaneous quantification and fingerprinting of 20 terpenes and 2 cannabinoids
in EOs. The method is solvent-free, automatable, and compliant with AOAC validation
guidelines, making it suitable for routine quality control. Integration with multivariate
statistical analysis enabled a comprehensive assessment of chemical diversity and differen-
tiation among hemp cultivars. This analytical approach provides a transferable platform for
regulatory compliance, standardization, and consistent product development, supporting
the broader utilization of hemp-derived EOs in the pharmaceutical, nutraceutical, cosmetic,
and food industries. Given its operational simplicity and economic efficiency, we suggest
that this SHS-GC-MS method is eminently suited for implementation across both industrial
applications and regulatory frameworks.
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Abbreviations

The following abbreviations are used in this manuscript:

BQL below the quantification limit
CA Charlotte’s Angel

CBD cannabidiol

Ccw Cherry Wine

EO hemp essential oil

LOD limit of detection

LOQ limit of quantitation

QC quality control

RSD relative standard deviation

SHS-GC-MS  static headspace gas chromatography-mass spectrometry

A9-THC delta-9-tetrahydrocannabinol
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