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ABSTRACT

Industrial hemp (Cannabis sativa L.) essential oils (EO) and terpene-rich fractions are emerging as renewable inputs for antimicrobial, biopesticide, and bio-based
materials. Unlike the EO of the long established medicinal and aromatic crops, hemp EO remains poorly standardized, and reported performance is strongly
influenced by chemotype, harvest stage, postharvest handling, and extraction design. This review synthesizes recent advances linking composition to industrial
functionality across the value chain. Multi-cultivar studies demonstrate 10-20-fold variation in EO yield and pronounced shifts among a-pinene, f-myrcene,
limonene, and p-caryophyllene, with antimicrobial activity correlating more closely to terpene class ratios than to total EO content. Drying, curing, and storage are
major determinants of terpene integrity, often equaling genetic effects, yet are rarely reported in efficacy studies. Time-resolved distillation enables fraction-by-
purpose strategies: early monoterpene-rich cuts provide rapid antimicrobial and repellent action, whereas later sesquiterpene-enriched fractions and hydrolates
offer complementary, longer-acting profiles. Evidence for applications includes inhibition of Gram-positive bacteria, activity against fleas, ticks, agricultural pests
and mosquitoes, and incorporation into active packaging and coatings. Translation to real systems depends on formulation platforms, particularly nanoemulsions,
protein-based encapsulation, and electrospun matrices, that stabilize volatiles and control their release. Key barriers include inconsistent metadata, limited field
validation, and risk of cannabinoid carryover in late fractions. We propose a minimum reporting standard and a research agenda integrating postharvest science,
analytical harmonization, and comparative evaluation of EO, hydrolate, and extracts. With coordinated development, hemp EO can progress from promising lab-

oratory material to reliable components of next-generation antimicrobial agents, biopesticides, and sustainable packaging.

1. Introduction

Industrial hemp (Cannabis sativa L.) has re-emerged as a multipur-
pose crop supplying fiber, grain, cannabinoids, and a rapidly expanding
portfolio of biobased products (Gorski et al., 2025). While most research
and commercial attention have focused on cannabidiol (CBD) and food
ingredients, hemp inflorescences are also a rich source of essential oil
(EO) and terpene-rich fractions with potential applications in antimi-
crobial systems, biopesticides, and functional materials (Mazzara et al.,
2023; Sovljanski et al., 2024; Pieracci et al., 2021). The global shift to-
ward sustainable and residue-reduced agricultural inputs has renewed
interest in plant volatiles as alternatives to synthetic preservatives and
pesticides (Kumar et al., 2025; Ona et al., 2022). However, hemp EO
remains far less standardized than EOs derived from peppermint,
spearmint, lavender, rosemary, clove, and many other aromatic plants.

Hemp differs from traditional aromatic crops in several fundamental
aspects. First, it is cultivated primarily for non-volatile products (e.g.,
cannabinoids, fixed oil, etc.), and the EO represents a secondary, often
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opportunistic stream (Spinozzi et al., 2025). Second, industrial hemp is
regulated under ultra-low A9-tetrahydrocannabinol (THC) thresholds,
introducing compliance constraints rarely encountered in other plant EO
sectors (Haczkiewicz et al., 2025). Third, hemp exhibits exceptional
chemotypic diversity. In Europe, more than 50 approved industrial
hemp cultivars are registered with THC concentrations below 0.2%,
encompassing a wide range of intermediate chemotypes (Borroto
Fernandez et al., 2020). Moreover, EO composition is strongly influ-
enced by genetic background, breeding history, developmental stage,
environmental conditions, and the specific plant organ analyzed
(Borroto Fernandez et al., 2020; Zheljazkov et al., 2020). Collectively,
these factors underpin the substantial phytochemical variability
observed in hemp and distinguish it from more chemically stable aro-
matic crops.

Most studies consistently report up to a 10-20-fold variation in EO
yield, while the relative abundance of major terpenes (e.g., a-pinene,
p-myrcene, limonene, and p-caryophyllene) varies substantially in
response to genotype and developmental stage (Mazzara et al., 2023;
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Pieracci et al., 2021; Zheljazkov et al., 2022)(Mazzara et al., 2022;
Zheljazkov et al., 2022). Moreover, wild or feral populations of C. sativa
represent an important reservoir of genetic diversity and adaptive traits
that may have been diminished in modern cultivated varieties (Cahoon
and Zhang, 2022)(Woods et al., 2022). Genomic analyses indicate that
these populations retain significant genetic variation, including loci
associated with stress response and disease resistance, reflecting adap-
tation to natural environments (Woods et al., 2022). In addition, studies
of feral germplasm have revealed substantial variation in cannabinoid
composition and population genetic structure, supporting breeding
programs and the development of new industrial hemp cultivars adapted
to diverse regions (Aina et al., 2025). Similarly, chemical and genetic
variation across environmental conditions shows that wild populations
exhibit multiple chemotypes and diverse phytochemical profiles,
underscoring their importance for both ecological research and crop
improvement (Busta et al., 2022). Collectively, these findings demon-
strate that wild-growing hemp populations are valuable resources for
plant breeding, conservation, and for advancing our understanding of
the domestication and evolution of C. sativa (Clarke and Merlin, 2016).
At the same time, the extensive genetic, chemical, and phenotypic di-
versity of these populations presents both opportunities for novel
research and challenges for the standardization and industrial utiliza-
tion of hemp-derived products.

Recent studies have generated a growing body of evidence demon-
strating that hemp EO possesses significant biological activity. Antimi-
crobial studies demonstrated reproducible inhibition of Gram-positive
bacteria, with efficacy strongly influenced by terpene class ratios rather
than total EO content (Pieracci et al., 2024; Zheljazkov et al., 2025a).
Hemp EO has demonstrated toxicity and repellency against fleas, ticks,
agricultural pests, and mosquito vectors (Dadé et al., 2025; Eschlwech
et al., 2023; Soares et al., 2023). In parallel, its volatile constituents are
being incorporated into nanoemulsions, biopolymer films, and electro-
spun fibers for emerging materials applications (Aguzzi et al., 2023;
Mazzara et al., 2023; Yang et al., 2025). Recent reviews also point to the
growing exploitation of hemp phytochemicals in agrochemical,
cosmetic, and food industries, reflecting increasing recognition of hemp
EO and terpene-rich fractions as multifunctional, value-added in-
gredients (Trono, 2026). Moreover, recent phytochemical studies
demonstrate that hemp leaves, traditionally considered an agricultural
by-product, contain diverse terpenes and other bioactive metabolites,
including cannabinoids, cannflavins, policosanols, and squalene, sup-
porting their valorization as additional sources of high-value com-
pounds (Marani et al., 2026). Hydrolates and spent biomass from
distillation are also emerging as valuable co-products, highlighting the
need to view hemp EO within a broader biorefinery framework.

Despite these advances, literature remains fragmented. Many
chemical surveys lack functional endpoints, whereas bioactivity papers
often omit essential metadata on cultivar identity, postharvest history,
or distillation design (Baek et al., 2025; Chen et al., 2021). Postharvest
handling-drying, curing, storage, and distillation technique has been
shown to modify terpene profiles as much as genetic factors (Clarke and
Merlin, 2016)Das et al., 2025; Spadafora et al., 2024; Spinozzi et al.,
2025) yet it is rarely reported in efficacy trials. Furthermore, few studies
distinguish among EO fractions, hydrolates, and extracts, even though
these matrices differ markedly in composition, safety, and regulatory
status (Sut et al., 2024). Without harmonized analytical and reporting
frameworks, translation from laboratory findings to industrial products
is slow (Chaiwangrach et al., 2025; Joy et al., 2025a).

Formulation science is emerging as the critical bridge. Nano-
emulsions, protein-based encapsulation, and electrospun matrices can
stabilize volatile terpenes and control their release, enabling realistic
deployment in crop protection or active packaging (Aguzzi et al., 2023;
Mazzara et al., 2023; Yang et al., 2025; Zhang et al., 2025). However,
optimal pairing of chemotype, fraction, and formulation remains largely
unexplored. Equally important is the management of THC carryover,
particularly in late hydrodistillation fractions (Zheljazkov et al., 2020;
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2025b), which may challenge regulatory acceptance if not monitored
with validated methods (Joy et al., 2025a).

The objective of this review is to synthesize current knowledge on
hemp EOs and terpene-rich fractions from an industrial perspective. We
integrate evidence across the value chain - from terpene biology and
postharvest determinants to extraction design, analytics, formulation,
and application performance. Particular emphasis is placed on (i) how
genotype, harvest, and processing shape functional chemistry; (ii)
comparative potential of EO, hydrolates, and extracts; (iii) formulation
platforms enabling real-world efficacy; and (iv) standardization needs to
ensure reproducibility and compliance. By framing hemp EO within
product-development logic rather than solely as a phytochemical curi-
osity, we aim to identify actionable pathways for commercialization in
antimicrobial systems, biopesticides, and sustainable materials.

2. Bibliographic database search

Publication records related to EOs of C. sativa for industrial appli-
cations were retrieved from the Web of Science, Scopus, CABI Digital
Library, and Google Scholar databases. Furthermore, relevant studies
published in peer-reviewed journals between 2010 and 2025, and
aligned with the objectives of this review, were selected and analyzed.

3. Biology of Terpene Production in Hemp

This section examines the biological basis of terpene production and
chemotypic diversity in industrial hemp and its comparison with feral
(spontaneous/wild) hemp (Aina et al., 2025; Pieracci et al., 2021;
Zheljazkov et al., 2022).

3.1. Glandular trichomes and biochemical framework. Influence of
genotype x environment drivers (light, temperature, water, nutrition,
density)

The glandular trichomes of C. sativa are classified into three types:
bulbous, capitate-sessile, and capitate-stalked trichomes (Dayanandan
and Kaufman, 1976). The capitate-sessile trichomes often are larger
glands than other two types, but most abundant types are
capitate-stalked trichomes (Hancock et al., 2024). In C. sativa, terpene
biosynthesis occurs predominantly in capitate-stalked and
capitate-sessile glandular trichomes (Punja et al., 2023). Among these,
capitate-stalked trichomes are especially concentrated on the bracts of
female flowers compared with other plant organs (Hancock et al., 2024).
Structurally, they comprise a single basal cell, a multicellular stalk, and
a secretory head enclosed by a large subcuticular storage cavity
(Rodziewicz et al., 2019).

Capitate-sessile trichomes and capitate-stalked trichomes are located
on inflorescences and subtending leaves, whereas bulbous trichomes
give a significantly minor contribution. The number and types of hemp
trichomes depend on cultivar, stalk length during flower development, a
shift from sessile to stalked forms as flowering progresses (Punja et al.,
2023; Sutton et al., 2023). They synthesize and accumulate resins and
other phytochemicals within an extracellular storage cavity formed
between the cuticle layer and the secretory cells (Hancock et al., 2024).
These structures represent highly specialized metabolic factories in
which the methylerythritol phosphate (MEP) and mevalonate (MVA)
pathways generate monoterpenes and sesquiterpenes, respectively
(Andre et al., 2016; Pancaldi et al., 2025; Pieracci et al., 2021).

Furthermore, cannabinoids accumulate within the subcuticular
storage cavity of glandular trichomes, while cannabinoid synthases and
associated enzymes in the secretory cells convert cannabigerolic acid
(CBGA) into the major cannabinoids A9-trans-tetrahydrocannabinolic
acid (THCA), cannabidiolic acid (CBDA), and cannabichromenic acid
(CBCA) (Rodziewicz et al., 2019). The biosynthesis of these cannabi-
noids depends on two key precursors: olivetolic acid (OA), derived from
the polyketide pathway, and geranyl diphosphate (GPP), generated via
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the methylerythritol phosphate (MEP) pathway (Fellermeier and Zenk,
1998).

Although terpene and cannabinoid biosynthetic pathways share
common precursors, they are regulated at least partially independently,
which helps explain why industrial hemp cultivars with similar CBD
concentrations can exhibit markedly different volatile profiles (Palmieri
etal., 2021). Comparative studies of industrial hemp genotypes indicate
that terpene accumulation is influenced not only by genetic background
but also by developmental stage, canopy microclimate, and postharvest
handling, rendering hemp EO a highly dynamic yet tunable natural
product (Baek et al., 2025; Zheljazkov et al., 2022). Multi-year studies
further demonstrate that the accumulation of terpenes and other phy-
tochemicals in hemp inflorescences is significantly affected by genotype,
growing season, and genotype x environment interactions, with envi-
ronmental conditions often accounting for the largest proportion of
variation (Beleggia et al., 2023). Moreover, individual cultivars differ
markedly in the stability and abundance of specific metabolites,
including a-humulene, f-caryophyllene, CBD, and CBG, underscoring
the importance of cultivar selection and environmental characterization
for achieving reproducible EO composition and bioactivity.

3.2. Chemotypes and compositional diversity in industrial C. sativa

The chemotaxonomic classification of C. sativa is a new approach to
systematizing and understanding the diversity of forms within the spe-
cies. Generally, more than 545 chemical compounds by different
biogenic classes were found in C. sativa (Lowe et al., 2021). Industrial
hemp contains a complex phytochemical profile, in terms of secondary
metabolites, composed mainly of cannabinoids, terpenes, and phenolic
compounds. Some published data on phytochemical composition of in-
dustrial C. sativa are presented in Table 1. The reviewed studies
(2010-2025) show that CBD is the predominant cannabinoid in indus-
trial hemp (Table 1), with a lower number of strains containing canna-
bigerol (CBG) as the main compound (Gargiulo et al., 2024). Overall,
104 phytocannabinoids were initially identified (ElSohly, Gul, 2014),
with more recent estimates indicating approximately 120 or more
compounds (Giilck and Mgller, 2020; Jurga et al., 2024). Minor canna-
binoids such as cannabichromene (CBC) are generally present in lower
concentrations.

Terpenes represent another important group of bioactive compounds
contributing to the plant’s aroma and biological activity. The most
frequently reported terpenes include a-pinene, myrcene, limonene,
terpinolene, p-caryophyllene, and a-humulene, and with reported
ranges varying considerably depending on cultivar, environmental
conditions, extraction method, and storage length. In several studies,
p-caryophyllene was identified as the dominant terpene, with concen-
trations reaching up to 40% of the total terpene fraction (Table 1).
Studies by Barcauskaite et al. (2022), Mazzara et al. (2022), and Pieracci
et al. (2021) demonstrate that multi-genotype evaluations in temperate
production systems consistently reveal significant chemotypic hetero-
geneity among certified industrial hemp cultivars. Analyses of more
than ten genotypes grown under identical agronomic conditions showed
significant differences in total EO yield and pronounced variation in the
content of dominant constituents such as a-pinene, myrcene, terpino-
lene, limonene, f-caryophyllene, and caryophyllene oxide (Barcauskaite
et al., 2022; Mazzara et al., 2022; Pieracci et al., 2021). These studies
highlight that ‘industrial hemp EO’ cannot be treated as a single com-
modity; rather, it represents a spectrum of compositional types with
distinct functional potential.

Work from our group comparing a number of hemp selections
demonstrated that antimicrobial efficacy tracked more closely with
terpene class ratios than with total EO yield alone (Zheljazkov et al.,
2025a). Cultivars enriched in monoterpene hydrocarbons exhibited
different activity spectra than those dominated by oxygenated sesqui-
terpenes, underscoring the need for chemotype-specific product devel-
opment (Sovljanski et al., 2024). Importantly, even within a single
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Table 1
Reported phytochemical composition (ranges) of industrial hemp for the period
2010-2025 year.

Author Terpenes and
(Year) Cannabinoids in
%

Extraction / Analysis Country

Andre et al.
(2016)

p-caryophyllene Belgium
(12-20); myrcene
(7-14); limonene
(3-7); CBD (1-4);
CBG (0.1-0.5);
THC (<0.2)
p-caryophyllene
(19.1-27.1);
a-humulene
(7.8-11.3); CBD
1-3)
(Bakali et al.,  p-caryophellene
2022) (13.39-25.32),
myrcene
(10.03-20.09);
a-humulene
(4.88-8.73);
caryophellene
oxide
(1.46-6.07);
decane
(1.41-4.46);
a-pinene
(1.91-3.66)
p-caryophyllene
(23.8); a-pinene
(16.4); myrcene
(14.2);
a-humulene (8.3);
p-pinene (5.2);
(E)-f-ocimene
(5.1); CBD (1-3)
p-caryophyllene
(21.4); myrcene
(11.3); a-pinene
(7.8); terpinolene
(7.6); a-humulene
(7.1); CBD, (11.1)
p-caryophyllene
(13.82);
a-humulene
(5.33);
caryophyllene
oxide (5.7);
a-bisabolol oxide
B (5.12); CBD
(28.48)
a-pinene 11 different
(2.5-11.6); phenotypes;
p-pinene 3 var.
(2.1-7.0); Slovenia
myrcene
(10.5-29.9);
terpinolene
(2.7-16);
p-caryophyllene
(10.5-21.3); CBD
(0.05-0.78); CBD
A (1.7-6.59); CBG
A(0.16-1.62); A°-
THC (0.01-0.11)
myrcene (0.8-19);  GC-MS / HPLC Netherlands
etal. a-pinene 11var.
(2010) (0.0-6.7);
terpinolene
(0-11.3); CBD
(0.0-79.8)
Haczkiewicz p-caryophyllene
et al. (18.37-30.07);
(2025) a-trans-
bergamotene

Supercritical CO2 + GC-MS
/ HPLC

Ascrizzi et al.
(2024)

GC-MS Ttaly

Hydrodistillation + GC-MS Morocco

Benelli et al.
(2018a)

Steamdistillation + GC-MS Italy

Benelli et al.
(2018b)

Hydrodistillation + GC-MS Italy

De Vita et al.
(2022)

GC-MS Italy

Erzen et al.
(2021)

Hydrodistillation; GC-FID;

Fischedick

Solvent extraction Poland
(methanol, ethanol,
acetone, isopropanol,

hexane, and mixtures of

(continued on next page)
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Table 1 (continued)
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Table 1 (continued)

Author Terpenes and Extraction / Analysis Country Author Terpenes and Extraction / Analysis Country
(Year) Cannabinoids in (Year) Cannabinoids in
% %
(3.52-7.30); hexane/ethanol and p-(E)-ocimene
a-humulene hexane/isopropanol in a (1.41-7.56);
(28.54-31.27); 7:3 v/v ratio) + GC-MS a-terpineol
caryophyllene (1.47-3.85)
oxide
(2.41-6.39); A°-
THC (1.64-2.06); cultivar, year-to-year variability was substantial, indicating a strong
CBD genotype x environment interaction that must be accounted for in any
(44.53-57.74); - . . -
CBG (1.74-2.22); industrial standard (Barcauskaite et al., 2022).
CBC (1.94-2.42); Phenolic compounds and flavonoids, including cannflavin A and
.22-1. cannflavin B, are also consistently detected, although typically in lower
CBN (1.22-1.39) fl B 1 tently detected, although t 11 1
Ingallina p-caryophyllene GC/MS, UHPLC, HPLC- Italy, concentrations compared with cannabinoids and terpenes. These com-
etal, (6.3-28.0); PDA/FD; different pounds are reported either as total phenolic content (approximately
(2020) a-humulene spectrophotometry harvesting . . .
(1.3-16.7); period. 2-10 mg/g) or as specific flavonoids present in trace amounts (Table 1).
caryophyllene
oxide i . i
(10.09-72.2); 3.3. Industrial vs drug-type or cannabinoid-type hemp comparisons, and
humulene wild (feral, spontaneous) (with emphasis on industrial hemp cultivars)
epoxide (0-14.0);
lé}];}];t_(’lcgg\%_o'czé;(}. As widely recognized, the taxonomy of C. sativa is highly contro-
CBN’ THC: ’CBC ’ versial (Koren et al., 2020). Likewise, no unified or universally accepted
Iseppi et al. a-pinene Steam distillation; GC-MS Samples classification exists for wild or feral hemp. According to Koren et al.
(2019) (4.8-20.4); and GC-FID; from France (2020), the interbreeding of wild Cannabis populations contributes to
/-pinene and Italy taxonomic uncertainty by maintaining continuous variation in quanti-
(2.1-8.2), . . . .
myrcene tative traits. Overall, contemporary wild (feral, spontaneous) Cannabis
(4.5-34.4); populations are largely composed of escaped and naturalized cultivated
p-caryophyllene plants (Aina et al., 2025; Koren et al., 2020). Furthermore, these pop-
(8.5-29.8); CBD ulations are regionally adapted and represent a potential source of un-
(1",2'5) o tapped genetic and phytochemical diversity (Aina et al., 2025). There is
Mazzara a-pinene Hydrodistillation + HPLC- Italy - 9 R . .
et al. (0.74-21.19); DAD-MSn Analysis of LE. cultiv. not much research on the phytochemical composition of wild hemp. The
(2022) myrcene DM and UM analyzed literature for the period 2010-2025 of phytochemical
(7.16-29.23); composition of wild hemp is shown in Table 2. The phytochemical
limonene composition of cultivated and wild populations of C. sativa varies
(2.20-9.17); o - . .
terpinolene markedly as a result of domestication, selective breeding, and environ-
(0.18-30.47); mental adaptation (Tables 1 and 2). Modern cultivated types have been
p-caryophyllene developed for distinct end uses, including industrial applications
(10.40-19.70); (fiber-type, seed/oilseed-type, and dual-purpose), medicinal uses
a-humulene (medical marijuana), and cannabinoid production (cannabinoid-type
(2.96-8.57); CBD .. " N
(2.30-5.25); THC hemp, often referred to in industry as “floral hemp”). These targeted
(0.09-0.20) breeding efforts have resulted in comparatively stable and predictable
Pavlovic p-caryophyllene HPLC-high-resolution mass Italy profiles of cannabinoids, terpenes, and phenolic compounds within each
et al. (11-50); spectrometry, SDS-PAGE type.
2019 -humul LC-MS/MS, HS-SPME GC- - - - . -
(2019 ((15 ; Hll;;Ig;D A MCS ai/d GS é_FfDS Ge In particular, industrial hemp cultivars are characterized by low THC
(2:372.75; CBGA; ’ concentrations and relatively high CBD levels, consistent with breeding
CBD (0.056-0.27) programs designed to meet regulatory THC limits and support agro-
Judzentiene  p-caryophyllene HPLC/DAD/TOF and GC/ Lithuania nomic performance (Small, 2015; Ren et al., 2021). In contrast,
et al. (<£46.64); MS techniques. P : P :
cannabinoid-type hemp is bred to maximize floral biomass and canna-
(2023) (<14.53%), S . - .
a-pinene binoid yield, whereas fiber- and seed-type cultivars are selected pri-
(<20.25); marily for stem biomass and grain production, respectively, and
a-humulene
< .
E;éi'gzg’ CBD Table 2
Zengin et al. n:yrc'ene Supercritical GOz + GGMS  Italy Reported phytochemical composition (ranges) of wild (feral, spontaneous)
(2018) (15.55-33.45); Cannabis sativa for the period 2010-2025 year.
a-pinene References Phytochemical Composition in % Country
5.13-12.88); CBD
(0.8-2.1) Zheljazkov et al. p-caryophyllene (15.4-29.6); a-humulene Serbia
Zheljazkov a-pinene Hydrodistillation GC-MS Serbia (2020) (5.3-11.9); caryophyllene oxide (0.2-31.2);
etal., (1.72-11.07); humulene epoxide II (1.2-9.5); CBD: EO
(2025a) f-pinene (6.9-52.4); 89-THC (~2.4%, 0-3.4);
(0.66-6.21); Nagy et al. p-caryophyllene (24.9-28.3); CBD (7.4-24.9); Hungary
myrcene (2019) a-humulene (8.9-9.3); f-selinene (4.3-7.3);
(7.40-27.28); Busta et al. CBD; CBDA; CBG; CBN; THC; THCA USA
limonene (2022)
(0.90-8.32); Aina et al. (2025)  THC (0.04-1.16); CBD (0.02-2.18); Total USA

Cannabinoid content (0.51-3.19);
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consequently exhibit distinct phytochemical profiles associated with
these end uses.

In contrast, wild and feral Cannabis populations exhibit substantially
greater phytochemical diversity than cultivated types. Feral Cannabis
populations display diverse cannabinoid profiles, including variable
ratios of THC, CBD, and minor cannabinoids, reflecting the absence of
controlled breeding and the influence of natural selection (Busta et al.,
2022; Aina et al., 2025). These populations may also harbor a broader
diversity of terpenoids and other secondary metabolites associated with
environmental stress responses, herbivore defense, and adaptation to
local ecological conditions (Andre et al., 2016).

Anthropogenic pressures may further contribute to phytochemical
diversity in feral populations. For example, plants growing in or near
agricultural systems may experience selection pressures from repeated
herbicide applications (e.g., glyphosate in Roundup®-based systems),
potentially influencing metabolic pathways linked to stress tolerance
and chemical defense. Although this area remains underexplored, such
pressures may contribute to the observed variability in secondary
metabolite composition among feral Cannabis populations.

Furthermore, the chemical diversity observed in wild (feral) hemp
populations may include ancestral or intermediate chemotypes that
were partially lost during domestication and modern breeding pro-
grams. Because of this broader phytochemical variability, feral C. sativa
populations are considered valuable genetic resources for identifying
novel cannabinoids, terpene combinations, and stress-related metabo-
lites that could be useful for crop improvement and pharmaceutical
research (Woods et al., 2022; Ren et al., 2021). Overall, while cultivated
hemp generally exhibits more uniform and targeted phytochemical
profiles, wild populations tend to retain greater chemical diversity and
ecological adaptation.

4. Agronomy for terpene/EO yield and consistency

Section 4 examines how agronomic practices influence terpene and
EO production, composition, and consistency in C. sativa (Palmieri et al.,
2021; Zheljazkov et al., 2025b). Cultivar selection is one of the most
important factors, as different genetic backgrounds exhibit significant
variation in terpene profiles and EO productivity. Harvest timing also
strongly influences terpene concentration, with maximum accumulation
typically occurring at specific stages of floral development. Cultivation
systems can further influence yield and chemical stability; although
open-field production predominates in industrial hemp, protected en-
vironments such as greenhouses may provide greater environmental
control and compositional consistency for high-value cultivars when
supported by economic and agronomic considerations. However, agro-
nomic strategies aimed at maximizing terpene or EO production may
involve trade-offs with other production goals, including fiber yield,
grain production, or cannabinoid content, requiring growers to balance
cultivation objectives depending on the intended end use of the crop.

4.1. Influence of harvest stage and agronomic practices of terpenes
profiles

Harvest timing is among the most powerful levers for manipulating
hemp EO composition. In controlled field experiments, inflorescences
collected at early flowering contained EOs richer in monoterpenes,
whereas later harvests showed progressive increases in sesquiterpenes
and trace cannabinoids (Abdollahi et al., 2020; Palmieri et al., 2021;
Zheljazkov et al., 2022). Our longitudinal sampling across three devel-
opmental stages revealed that the relative abundance of myrcene and
limonene could decline by more than 40% from early to late bloom,
while p-caryophyllene and o-humulene increased concurrently
(Zheljazkov et al., 2022). These compositional shifts were accompanied
by changes in antimicrobial activity, indicating that harvest timing
should be optimized according to the intended end use of the EO rather
than biomass yield alone (Pieracci et al., 2024).
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Beyond genetics and phenology, crop management practices exert
measurable effects on secondary metabolism. Fertilization regimes,
particularly nitrogen and sulfur availability, have been shown to modify
both EO yield and composition (Barcauskaite et al., 2022). Trials eval-
uating organic and mineral nutrient sources reported alterations in the
ratio of monoterpenes to sesquiterpenes, likely mediated through C-N
balance and trichome density (Pancaldi et al., 2025). Although irriga-
tion and plant density have received less attention, preliminary obser-
vations suggest that canopy humidity and light interception influence
volatile retention and should be integrated into future experimental
designs (Chen et al., 2021).

Recent field studies further demonstrate that cultivar selection, row
spacing, and growth stage interactively influence EO yield, terpene
composition, and fiber characteristics in dual-purpose hemp systems.
For example, cultivar-dependent differences in EO productivity and
dominant sesquiterpenes have been reported, alongside spacing-induced
changes in fiber cell wall composition and lignin content (Viskovic et al.,
2026). Notably, correlations between specific terpenes (e.g., p-car-
yophyllene, a-humulene) and lignin were observed at early develop-
mental stages but diminished later, indicating temporal shifts in the
relationship between secondary metabolism and structural components
(Viskovic et al., 2026). These findings highlight the importance of
integrating agronomic practices across production goals, particularly
when optimizing both EO and fiber outputs within dual-purpose
systems.

4.2. Cannabinoids in Hemp Essential Oils and Regulatory Considerations

Because terpene-rich fractions are generally collected early in the
distillation process, whereas trace cannabinoids become more concen-
trated in later fractions, distillation time can influence both aroma
composition and regulatory compliance of hemp EO products. Although
industrial hemp is bred for low THC, trace cannabinoids are frequently
detected in late distillation fractions (Spinozzi et al., 2025; Sut et al.,
2024; Zheljazkov et al., 2025b). Our analyses demonstrated that
cannabinoid carryover is negligible in early monoterpene-rich fractions
but increase as distillation progresses, particularly when biomass is
finely ground (Fiorini et al., 2019, 2020; Spinozzi et al., 2025; Zhel-

jazkov et al., 2020). Consequently, optimization of distillation condi-

tions is essential to achieve desired aroma profiles while maintaining
compliance with stringent THC regulations (Haczkiewicz et al., 2025).

In the United States, the regulatory landscape has evolved signifi-
cantly since the 2018 Farm Bill, which defined hemp as C. sativa con-
taining < 0.3% A°-THC on a dry weight basis. However, regulatory
attention has increasingly extended beyond field-level compliance to
downstream ingredients and finished products, where even trace
amounts of THC can raise legal and safety concerns, particularly in food
and beverage applications. This issue has gained importance with the
rapid expansion of hemp-derived ingredients in consumer products,
including functional beverages, flavoring systems, and botanical in-
fusions, for which product consistency, safety, and regulatory compli-
ance are essential (Sant’Ana et al., 2026).

The growing interest in hemp-derived ingredients for foods and
beverages (Sant’Ana et al., 2026) underscores the need to produce
terpene-rich hemp EOs that are free of detectable THC. Early distillation
fractions are particularly promising because they are enriched in volatile
terpenes while containing negligible cannabinoid carryover, making
them attractive as natural flavoring agents and functional ingredients.
However, the co-extraction or carryover of cannabinoids in later frac-
tions presents a challenge for their direct use in regulated consumable
products. Consequently, regulatory uncertainty and the risk of THC
contamination remain significant obstacles to the broader commercial-
ization of hemp-derived ingredients.

The partial independence of terpene and cannabinoid biosynthesis
suggests opportunities to develop cultivars and processing strategies
that maximize terpene yield and minimize cannabinoid accumulation,
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thereby reducing the risk of THC carryover (Baek and Vergara, 2025).
Advances in fractionation technologies, selective breeding, and
post-distillation purification could further enable the production of
compliant, terpene-rich hemp ingredients tailored for the food and
beverage industry. Overall, aligning agronomic practices, processing
methods and regulatory requirements will be essential for unlocking the
full potential of hemp EOs as safe, consistent, and commercially viable
ingredients in consumer products.

5. Postharvest: drying, curing, storage, and volatile retention

This section examines the effects of postharvest practices on terpene
retention, chemical composition, and EO quality in C. sativa (Baek et al.,
2025; Chen et al., 2021). Postharvest processing, particularly drying,
curing, and storage, is critical for preserving the aromatic and functional
properties of hemp products and has received increasing attention in
recent reviews (Addo et al., 2021; Al Ubeed et al., 2022; Das et al.,
2022). The main postharvest factors affecting terpene integrity and
functionality are shown in Table 3. As the Cannabis industry continues to
grow, optimizing postharvest processes to maximize terpene retention
and ensure consistent product quality has become a major priority.

5.1. Drying as the primary bottleneck for terpene retention

For hemp destined for EO or terpene-rich applications, drying rep-
resents the most decisive postharvest step influencing both chemical
composition and downstream bioactivity. Comparative evaluations of
hot-air and infrared drying demonstrated significant losses of highly
volatile monoterpenes during prolonged exposure to elevated temper-
atures, whereas milder regimes preserved a greater proportion of
a-pinene, myrcene, and limonene (Chen et al, 2021).
Process-engineering approaches that improve drying efficiency while
minimizing thermal exposure have resulted in significantly greater
terpene retention and enhanced antioxidant activity of the resulting
extracts (Das et al., 2025). These findings are consistent with observa-
tions in other aromatic crops, however, hemp presents additional
complexity because cannabinoids and terpenes respond differently to
heat, oxygen, and drying conditions.

Drying alters the absolute concentrations of terpenes and can also
shift the relative balance between monoterpenes and sesquiterpenes.
Rapid moisture removal generally favors the retention of oxygenated
monoterpenes, whereas slow or uneven drying may promote oxidative
conversion to less volatile derivatives (Baek et al., 2025). From an in-
dustrial perspective, such compositional changes can directly influence
antimicrobial efficacy and sensory quality, underscoring the importance
of reporting drying conditions alongside Dbioactivity and
product-performance data. Spadafora et al. (2024) demonstrated that

Table 3
Postharvest factors affecting terpene integrity and functionality.
Stage Key effects Industrial Representative
implications studies
Drying Loss of monoterpenes; Potency Chen et al. (2021);
method shifts in ratios variability Das et al. (2025)
Microwave Loss of monoterpenes, Targeted Fiorini et al. (2019)
exposure enrichment in products
sesquiterpenes and trace
cannabinoids
Curing/ Oxidation, Shelf-life Baek et al. (2025)
storage compositional drift limits
Microbial Mold alters fingerprints QA/QC risk Gwinn et al. (2023)
control
Distillation Fraction design Targeted Zheljazkov et al.
timing products (2025b); Spinozzi
et al. (2025)
Grinding Cannabinoid carryover Compliance Zheljazkov et al.
(2020)
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postharvest processing strongly influences the chemistry of hemp in-
florescences. Tray drying better preserved the terpene-rich volatile
profile. Freeze drying reduced key aroma compounds but limited
decarboxylation of acidic cannabinoids. During storage, volatile
composition changed under all conditions; glass containers best main-
tained terpenes but promoted conversion of acidic to neutral cannabi-
noids. Birenboim et al. (2024) found that THCA concentration decreased
by 4-23% during the four months of storage with the lowest reduction
observed following hexanoic acid pre-harvest treatment and
post-harvest vacuum storage. Furthermore, the cited study reported that
the application of hexanoic acid had a more pronounced effect on pre-
serving monoterpenes, whereas sesquiterpenes were less susceptible to
degradation over prolonged storage (Birenboim et al., 2024). Collec-
tively, these studies highlight the inheritent trade-offs in preserving
terpene integrity and cannabinoid stability during drying and storage.

5.2. Curing, storage, and oxidative pathways

Following primary drying, curing and storage conditions continue to
influence terpene composition and stability (Joy et al., 2025a; Spadafora
et al., 2024). Studies monitoring chemical changes during simulated
warehouse storage showed gradual decline of monoterpene hydrocar-
bons accompanied by relative enrichment of sesquiterpenes and
oxidized products (Baek et al., 2025). Light exposure and oxygen
availability were identified as major drivers of degradation, suggesting
that environmental control strategies employed in hops, medicinal herb,
and tobacco drying and storage facilities could be adapted to improve
terpene retention and product consistency in hemp.

The stability of hydrolates and late distillation fractions appears
particularly sensitive to storage, as these matrices contain residual water
and enzymatic activity that may catalyze transformation of labile con-
stituents (Vinciguerra et al., 2024). Consequently, their terpene
composition and bioactivity may change more rapidly than those of the
primary EO fractions, emphasizing the need for appropriate storage
conditions, including temperature control, reduced oxygen exposure,
and suitable packaging materials. These considerations are especially
important if hydrolates and late fractions are to be developed as
value-added co-products within integrated hemp biorefineries.

5.3. Microbial safety and quality assurance

Postharvest management of hemp must simultaneously address
terpene preservation and microbial safety. A comprehensive review of
fungal contamination risks in cannabis products highlighted the preva-
lence of Aspergillus spp. and the potential for mycotoxin formation
during improper drying and storage (Gwinn et al., 2023). Baek et al.
(2025) demonstrated that curing protocols that preserved volatile
integrity also reduced microbial load, whereas high-humidity conditions
increased both mold counts and chemical variability.

For EO-based industrial applications, microbial contamination may
pose safety concerns and interfere with analytical quantification and
bioactivity testing. Volatile metabolites produced by spoilage microor-
ganisms can alter GC-MS profiles and may complicate chemotype
characterization and interpretation (Joy et al., 2025a). Consequently,
establishing hygienic processing practices and moisture specifications
analogous to those used in the spice and medicinal plant industries is
essential for ensuring reproducibility, product quality, and commercial
scalability.

5.4. Interaction between postharvest history and bioactivity

Evidence is accumulating that postharvest history modulates the
functional performance of hemp EO. In cultivar evaluations conducted
by our group, EO samples derived from optimally dried biomass
exhibited stronger antibacterial activity than EOs from material sub-
jected to extended field drying, even when total terpene concentrations
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were comparable (Zheljazkov et al., 2025a). Similar trends were re-
ported for hydrolates, where storage-induced shifts in volatile compo-
sition correlated with reduced efficacy against Gram-positive bacteria
(Sovljanski et al., 2024). These observations suggest that reporting only
final chemical composition is insufficient; the postharvest trajectory
through which that composition was generated can also influence bio-
logical activity. For example, late hydrodistillation fractions obtained
from overdried material may contain higher proportions of sesquiter-
penes and cannabinoids (Spinozzi et al., 2025; Zheljazkov et al., 2025b),
which could alter toxicity profiles relevant to non-target organisms (Sut
et al., 2024).

5.5. Postharvest design for fraction-by-purpose

Time-resolved distillation experiments illustrate how postharvest
and processing steps can be combined to create purpose-specific frac-
tions. Distillation studies provide additional insight into the terpene
modulations. Our research (Spinozzi et al., 2025; Zheljazkov et al.,
2025b) on hemp distillation demonstrated that the first 20-30 min up to
60 min of distillation yielded fractions enriched in highly volatile
monoterpenes, whereas later fractions contained increasing proportions
of sesquiterpenes and minor cannabinoids, mainly CBD. Grinding and
heating biomass prior to distillation further altered the profile (Fiorini
et al., 2019, 2020; Zheljazkov et al., 2020). Apparently, the compounds
from internal tissues were released, which increases thermal exposure
and decarboxylation of cannabinoid acids into the volatile forms (Fiorini
et al., 2019, 2020; Zheljazkov et al., 2020). These findings indicate that
the plant matrix contains multiple reservoirs of volatiles with different
release kinetics, a feature that can be exploited to design
application-specific fractions (Spinozzi et al, 2025). Early
monoterpene-rich cuts generated from gently dried biomass are most
suitable for repellence and rapid antimicrobial action, whereas later
fractions may offer longer residual activity but carry greater risk of
cannabinoid co-extraction (Zheljazkov et al., 2025b). Grinding prior to
distillation intensifies this effect by increasing release of less volatile
constituents (Zheljazkov et al., 2020).

These findings support a “fraction-by-purpose” strategy analogous to
that used in peppermint and lavender industries. However, hemp
research rarely integrates drying parameters, storage duration, and
distillation design within a single experiment. Moreover, Spinozzi et al.
(2025) emphasized that valorization of spent biomass and aqueous
residue must also account for upstream postharvest practices, as these
co-products retain the chemical signatures imparted by drying, storage,
and distillation processes.

Sections 6-9 evaluate different types of extraction and processing
technologies, and their implications for the functional applications of
hemp EO and terpene-rich fractions (Mazzara et al., 2023; Yang et al.,
2025; Zheljazkov et al., 2025a).

6. Extraction and processing technologies
Several techniques are employed to obtain C. sativa EO and terpene-

Table 4
Analytical tools for hemp EO and related matrices.

Method Strengths Limitations Key references
GC-MS (SIM) Quantitative Cost, sample Joy et al. (2025a)
accuracy preparation

GC-FID Industrial QC* Limited ID power Francisco et al.
(2024)

HS-GC-MS Rapid screening Semi-quantitative Chaiwangrach et al.
(2025)

HS-SPME Fingerprinting Matrix effects Janta et al. (2024);

Hydrolate GC-  Co-product Lack of standards Vinciguerra et al.

MS profiling (2024)

" Industrial QC: Industrial Quality Control
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rich fractions, including steam distillation, hydrodistillation, solvent
extraction (SE), and supercritical carbon dioxide extraction (SC-CO2)
(Tables 1 and 4). These methods differ substantially in extraction effi-
ciency, selectivity, and their influence on chemical composition. Ac-
cording to ISO 9235:2021 and the European Pharmacopoeia, however,
only products obtained by steam distillation, hydrodistillation, or me-
chanical pressing of citrus fruit peels (e.g., orange and lemon) are
formally classified as EOs (International Organization for Standardiza-
tion ISO, 2021; Schmidt, 2021). Consequently, terpene-rich fractions
produced by solvent extraction or SC-CO: extraction are not considered
EOs under these definitions, despite their potential industrial relevance.

Additional extraction technologies have also been explored for hemp
volatiles and terpene-rich fractions. Ultrasound-assisted extraction and
other intensification techniques can improve mass transfer and reduce
extraction time, whereas subcritical extraction approaches may better
preserve thermolabile constituents by operating under relatively mild
conditions. Headspace-solid phase microextraction (HS-SPME) has been
extensively used for analytical profiling of hemp volatiles, although it is
not intended for preparative purposes. Collectively, these emerging
approaches may complement conventional distillation methods by
enabling selective recovery of specific classes of compounds; however,
their industrial implementation and standardization for hemp remain
limited.

6.1. Distillation as reference technology and alternative distillation and
extraction approaches

Hydrodistillation and steam distillation remain the dominant ap-
proaches for hemp EO production (Table 1), owing to their operational
simplicity, scalability, and established acceptance within regulatory
frameworks. As hydrodistillation is widely regarded as the reference
method, alternative extraction techniques are increasingly being
explored for their ability to recover a broader spectrum of volatile and
semi-volatile compounds and to operate under milder thermal
conditions.

Microwave-assisted hydrodistillation (MAH) gave higher yields of
hemp EOs than those obtained by conventional hydrodistillation and
steam distillation, which can be explained by the fact that microwaves
cause a better release of volatiles by disruption of glandular trichomes.
Also, a higher fraction of monoterpenes is collected by MAH when
compared with hydrodistillation and steam distillation (Spinozzi et al.,
2025).

Pressurized liquid extraction and solvent-assisted methods have been
employed to recover both cannabinoids and terpenes in a single step
(Haczkiewicz et al., 2025). As a result, these extracts often exhibit bio-
logical profiles distinct from those of steam-distilled EOs, reflecting the
co-extraction of less volatile phenolics and lipophilic cannabinoids.
Although supercritical CO2 (SC-CO2) extraction can provide higher
yields and operates at lower temperatures, its industrial adoption re-
mains limited due to higher capital costs, process complexity, and
scalability challenges (Aiello et al., 2020).

Fresh versus dried biomass also yields markedly different final
products. Sut et al. (2024) reported that EOs distilled from fresh in-
florescences were richer in monoterpenes, whereas dried material
favored sesquiterpenes and cannabinoid enrichment. Such contrasts
highlight the need to define the intended product matrix-EO, hydrolate,
or solvent extract-before designing efficacy studies. The ability to tune
extraction conditions and selectively recover compounds with different
volatilities provides the technological basis for the "fraction-by-purpose"
concept discussed in Section 6.2.

6.2. Fraction-by-purpose strategy
Collectively, current evidence supports a “fraction-by-purpose”

approach in which processing conditions are tailored to the desired
functional endpoint. Early distillation fractions, typically enriched in
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monoterpenes, are associated with rapid antimicrobial and repellent
activity, making them suitable for applications requiring immediate
efficacy (Palmieri et al., 2021; Zheljazkov et al., 2025b). In contrast,
later fractions enriched in sesquiterpenes may provide longer residual
activity and potential synergistic effects, which are advantageous for
sustained protection (Sovljanski et al., 2024). Hydrolates and aqueous
residues, representing the co-products of distillation, offer opportunities
for water-compatible formulations, including incorporation into sprays,
coatings, and film-based delivery systems (Vinciguerra et al., 2024). In
addition, the integration of spent biomass into biorefinery pathways,
such as for cannabinoids recovery, materials development or soil
amendments, can further enhance overall process efficiency and value
generation (Spinozzi et al., 2025; Luca et al., 2024).

Despite these advantages, such differentiation is rarely implemented
in published efficacy studies, which often evaluate a single, undiffer-
entiated EO. Explicit reporting of fraction identity, processing condi-
tions, and compositional attributes is therefore essential to enable
reproducibility, facilitate cross-study comparisons, and support techno-
economic assessment for industrial applications.

6.3. Compliance and safety considerations and research priorities

Extraction of hemp EO must account for the risk of unintended
cannabinoid enrichment. THC and CBD can concentrate in later distil-
lation fractions, particularly when biomass is finely comminuted
(Zheljazkov et al., 2020; Spinozzi et al., 2025; Zheljazkov et al., 2025b).
This is critical for industrial applications, as even trace cannabinoids
may trigger regulatory scrutiny in biopesticides, food-contact materials,
and veterinary uses (Sut et al., 2024). Accordingly, defining distillation
cut-off points and implementing routine GC-MS screening are essential
for compliance and product consistency (Joy et al., 2025a; Chaiwan-
grach et al., 2025).

Despite progress, extraction science for hemp EO remains frag-
mented. Key priorities include comparative evaluation of extraction
methods using identical biomass, development of process—efficacy re-
lationships linking fractions to biological performance, and standardi-
zation of descriptors for hydrolates and spent biomass. In addition, clear
guidelines for THC risk management during fractionation are needed.
Addressing these gaps will support application-driven processing and
industrial adoption (Zheljazkov et al., 2025b; Spinozzi et al., 2025).

7. Co-products and waste valorization

Hydrolates (aromatic waters) generated during distillation represent
an underutilized resource in hemp processing. Hydrolates, also referred
to in the literature as hydrosols or aromatic waters, are the aqueous
distillates that remain after steam distillation and separation of the EO
whenever possible, according to ISO 9235:2021 (International
Organization for Standardization SO, 2021). Although the terms
hydrolate and hydrosol are frequently used interchangeably, terminol-
ogy remains inconsistent across the scientific and industrial literature. In
this review, the term hydrolate is used in accordance with the ISO
definition. Recent characterizations revealed that hemp hydrolates
contain measurable concentrations of oxygenated monoterpenes and
other polar volatiles with demonstrable antimicrobial activity
(Sovljanski et al., 2024; Vinciguerra et al., 2024). Because hydrolates are
water-based and easier to formulate than EOs, they offer attractive op-
portunities for surface sanitation, horticultural sprays, and integration
into biopolymer materials.

The composition of hydrolates is highly sensitive to distillation
duration and biomass pretreatment (Vinciguerra et al., 2024). Early
fractions tend to mirror the monoterpene profile of the corresponding
EO cut, whereas later hydrolates accumulate more oxygenated com-
pounds. Standardization of hydrolate production is therefore essential if
these streams are to move beyond niche uses.
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7.1. Valorization of residual water and spent biomass

Distillation residues constitute a substantial mass flow in hemp EO
operations. They consist primarily of residual water and spent
(deterpenated) biomass. Mazzara et al. (2022) and Spinozzi et al. (2025)
emphasized that residual water is a good source of phenolics, mainly
represented by luteolin and apigenin glycosides, whereas the spent
biomass retains substantial quantity of neutral cannabinoids. These
products could be redirected to bio-based materials, soil amendments, or
secondary extraction. Luca et al. (2024) demonstrated that extracts
obtained from such residues exhibited antifungal activity, supporting
the concept of cascading utilization within a hemp biorefinery. The
chemical imprint of postharvest handling is inherited by these residues;
overdried or oxidized biomass produces co-products of lower quality
(Baek et al., 2025). Integrating extraction design with upstream opera-
tions is therefore critical for maximizing total value rather than focusing
solely on the primary EO fraction.

7.2. Matrix effects: EO versus hydrolates

Hydrolates generated during distillation have emerged as promising
antimicrobial agents in their own right Sovljanski et al. (2024). showed
that hemp hydrolates inhibited several Gram-positive bacteria at con-
centrations achievable in aqueous formulations, despite containing only
trace levels of the major EO terpenes. Vinciguerra et al. (2024) further
showed that hydrolates enriched in oxygenated monoterpenes
contribute to this activity and may offer advantages in applications
where emulsification of EOs is undesirable or technically challenging.

Comparative studies indicate that EO and hydrolate activities are not
necessarily proportional; some cultivars producing moderate EO po-
tency yielded highly active hydrolates and vice versa (Sovljanski et al.,
2024; Zheljazkov et al., 2025a). This divergence underscores the
importance of evaluating both matrices during product discovery rather
than assuming the EO fraction alone determines bioactivity.

7.3. Comparison with cannabis extracts

Although this review focuses on EOs and hydrolates, cannabis ex-
tracts provide valuable context for interpreting the biological activities
of hemp-derived products. Inflorescence extracts containing both can-
nabinoids and terpenes have shown antifungal and antibacterial activity
(Kursa et al., 2024; Niyangoda et al., 2024). These matrices may benefit
from the so-called “entourage effect,” whereby multiple phytochemicals
interact synergistically or additively, but they also introduce greater
regulatory complexity and variability in cannabinoid composition.
Likewise, hemp EOs, which are complex mixtures of numerouds bioac-
tive compounds, may exert pleiotropic biological effects arising from
interactions among terpenes, cannabinoids, and other minor
compounds.

Comparative studies have demonstrated distinct functional differ-
ences between C. sativa EOs and non-volatile extracts. For example, EO
from C. sativa cv. Futura 75 inflorescences exhibited substantially
greater activity against insect vectors (Culex quinquefasciatus Say, Musca
domestica L.) and the agricultural pest Spodoptera littoralis (Boisduval)
than the corresponding methanolic extract (Benelli et al., 2018a, Benelli
et al., 2018b). Similarly, EOs from three commercial hemp cultivars
demonstrated stronger anti-neuroinflammatory effects compared with
extracts derived from aqueous distillation residues (Barbalace et al.,
2023).

In contrast, extracts obtained from residual water and spent biomass
after distillation, rich in polyphenols and cannabinoids, respectively,
display significant antioxidant and neuroprotective properties. The
aqueous fraction was particularly effective in inhibiting acetylcholin-
esterase (AChE) and monoamine oxidase A (MAO-A), and in protecting
Neuro—2a cells against oxidative stress (Casedas et al., 2022). Further-
more, this fraction modulated inflammation and oxidative stress in
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SH-SY5Y neuronal cells via activation of the Keapl/Nrf2 pathway,
suggesting potential utility for mitigating mitochondrial dysfunction
and oxidative damage (Casedas et al., 2026).

Despite these findings, direct comparisons between EOs and solvent
extracts under standardized conditions remain limited and represent an
important research need. For example, Pieracci et al. (2025) evaluated
the antibacterial activity of hemp EOs from leaves and inflorescences
against multidrug-resistant, methicillin-resistant Staphylococcus pseu-
dintermedius isolated from canine infections. The EOs were rich in ses-
quiterpenes, primarily g-caryophyllene and a-humulene, and contained
varying levels of phytocannabinoids. Notably, the EO with higher phy-
tocannabinoid content exhibited the strongest inhibitory and bacteri-
cidal effects, while both whole EOs outperformed pg-caryophyllene
alone, suggesting synergistic interactions among EO constituents.

8. Biopesticide potential

Plant EOs are increasingly recognized as complementary tools for
integrated pest management, offering rapid degradation, multiple
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modes of action, and reduced risk of resistance development. Hemp EO
is particularly attractive because large volumes of biomass are already
produced for fiber and grain, creating opportunities to valorize in-
florescences and co-products. The availability of abundant agricultural
residues and underutilized floral biomass further enhances the potential
of hemp EO as a sustainable source of biopesticidal compounds. Sys-
tematic assessment of cannabis-based pest control concluded that ter-
penes such as a-pinene, limonene, f-caryophyllene, and a-humulene
exhibit broad repellent and toxic effects against insects and mites,
although evidence strength varies among targets (Tabari et al., 2020;
Ona et al., 2022). The principal findings from reviews and experimental
studies on the biopesticidal activities of hemp-derived products are
summarized in Table 5.

8.1. Insecticidal activity and repellent mechanisms
Laboratory studies demonstrate that hemp EO and terpene-rich ex-

tracts exhibit bioactivity across a broad range of insect taxa. For
example, a nanoemulsion formulated from hemp EO of cv. Kompolti

Table 5

Literature review (2010-2025) of C. sativa as a biopesticide activity.

Reference

Hemp Material / Compound

Target Pest or Pathogen

Main Findings

Ona et al., 2022

Martinez-Rodriguez

et al. (2024).
Park et al. (2019).
Prvulovi¢ et al.(2023).

(Dadé et al., 2025)

Benelli et al. (2018a)

Benelli et al. (2018b)

Tabari et al. (2020)

Laznik et al. (2020)

(Rossi et al., 2020)

Mantzoukas et al.
(2020)

Kursa et al. (2024)

Ethnobotanical review of article by
various hemp extracts

Methanol extract of hemp leaves,
CBD

CBD

Ethanolic hemp extract

Inflorescence acetone and ethanol
extract as CBD

and THC

Fresh inflorescences of Hemp EO

Fiber hemp, leaves and
inflorescences EO and methanolic
extracts

C. sativa EO ((E)-caryophyllene and
a-humulene)

Ethanol extract from root, leaves and
inflorescence of C. sativa

The three hemp EOs obtained from
the monoecious Felina 32 and female
and male inflorescences of C. sativa
Combined Toxicity of CBD oil with
Azatin, and two baculovirus
formulations (Madex and Helicovex)
Inflorescence leaves extract of

C. sativa

Multiple insects and mites

Aedes aegypti

Manduca sexta
Plodia interpunctella; phytotoxic activity of the
extract on Helianthus annus seeds;

Triatoma infestans

Musca domestica adults,

Culex quinquefasciatus; Harmonia axyridis larvae and
adults; Myzus persicae; Spodoptera littoralis; Eisenia
fetida

larvae of Culex quinquefasciatus and Spodoptera
littoralis and adults of Musca domestica

Dermanyssus gallinae; Hyalomma dromedarii

Steinernema carpocapsae; S. feltiae; Heterorhabditis
bacteriophora
Anopheles gambiae; An. stephensi.

Sitophilus zeamais; Rhyzopertha dominica;
Prostephanus truncatus; Trogoderma granarium

Alternaria alternata, Botrytis cinerea, Colletotrichum
coccodes, Fusarium avenaceum, F. culmorum,

F. graminearum, F. oxysporum, F. sporotrichioides, and
Trichoderma koningii.

Cannabis shows pesticidal activity due to cannabinoids
and terpenes. For instance, promising pesticide
properties were reported for most of the groups of
species tested, especially Arachnida and Insecta.
Methanol extract of hemp leaves displayed a strong
larvicidal activity (LCso =~ 4.3-4.4 ppm)

CBD inhibited larval growth and caused mortality.
42.5% Larval mortality; reduced growth;

0.5%, 1.0%, and 2.0% concentrations directly applied
on sunflower seeds. Ethanol solution (70%) was the
control. The hemp extract (1% and 2%) revealed
medium repellence for P. interpunctella larvae (L3-4)
while at 2% concentration it caused 42.5% larval
mortality after 72 h. Germination energy and
germination of sunflower seeds were stimulated in
treatment with 2% hemp extract.

Strong repellent and lethal effects

The EO was toxic to houseflies and peach aphids,
efficacy on mosquitoes and Spodoptera moth pests was
scarce.

The EO from inflorescences, (f-caryophyllene, myrcene,
CBD, a-pinene, terpinolene, and a-humulene), was more
effective if compared with the leaf EO, with

special reference to M. domestica (inflorescence oil LDsq
122.1 pg/adult vs. leaf EO LDsg 305.2 pg/adult) and

S. littoralis (inflorescence EO LDs 65.8 pg/larva vs. leaf
EO

LDso 112.8 pg/larva). The methanolic extracts did not
show relevant toxicity against the three targeted insect
species.

The study showed the potential of the hemp EO as a
botanical acaricide to be employed in pest management
and food production programs.

The most attracted or repelled by inflorescence extracts,
followed by leaves and roots.

The mortality was recorded after 24 h of treatment. The
dose-response curves showed an insecticidal effect of
the three EOs on larvae and pupae of An. stephensi.

The findings reveal a promising effect of CBD oil against
these coleopterans

The most pronounced antifungal activity was observed
with the 20% extract, particularly against T. koningii
(62.22-84.79%), C. coccodes (61.65-81.82%), and

B. cinerea (45.00-75.42%). However, the efficacy of
hemp extracts exhibited large differences against
Fusarium spp. (3.10-72.95%), dependent on the specific
extract and fungus strain.
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produced significant mortality in a mosquito vector while reducing
phytotoxicity to host plants, highlighting the importance of formulation
(Mazzara et al., 2023). Dose-dependent toxicity against flea larvae and
adults has also been reported, indicating potential applications in vet-
erinary hygiene and urban pest management (Soares et al., 2023).
Additional studies have demonstrated larvicidal activity against Aedes
mosquitoes (Martinez Rodriguez et al., 2024) and toxicity against
M. domestica and Myzus persicae (Sulzer) with minimal effects on
non-target organisms such as lady beetles and earthworms (Benelli et al.,
2018a, Benelli et al., 2018b). Collectively, these findings suggest that
hemp EO can achieve efficacy levels comparable to established botanical
insecticides such as clove or rosemary EOs.

However, cross-study comparisons remain challenging due to sub-
stantial variability in experimental design and reporting metrics,
including LCso values, repellence indices, and knockdown times. This
lack of standardization hampers efforts to benchmark hemp EO against
other botanical insecticides and underscores the need for harmonized
testing protocols.

Beyond acute toxicity, repellency represents a particularly promising
application pathway. Hemp-derived terpenes have shown repellent ac-
tivity against arthropod vectors, including the tick Hyalomma margin-
atum (Koch, 1844), where compounds such as bisabolol exhibited
efficacy comparable to DEET at equivalent concentrations (Eschlwech
et al., 2023). Fractionation of supercritical CO: extracts enabled the
isolation of high-purity terpenes, including bisabolol, caryophyllene
oxide, and caryophyllene/humulene mixtures, demonstrating the
feasibility of scalable purification strategies. In addition, synergistic
interactions among terpene mixtures have been shown to enhance
repellence compared with individual compounds, consistent with the
broader literature on EO-based vector management (Dadé et al., 2025).

From an industrial perspective, repellency offers advantages over
contact toxicity, including lower application rates and reduced exposure
of non-target organisms. Water-compatible matrices, such as hydrolates,
may provide practical platforms for developing sprayable formulations,
although their efficacy and persistence remain insufficiently investi-
gated. Overall, these findings support the potential of hemp EO and
terpene fractions as multifunctional agents for integrated pest manage-
ment, while emphasizing the need for standardized bioassays, formu-
lation optimization, and field validation.

8.2. Acaricidal and veterinary applications

Interest in hemp-derived products for ectoparasite control is
increasing, particularly in veterinary and urban pest management
markets. Studies on flea control (Soares et al., 2023) and broader eval-
uations of EOs (Campos et al., 2025) highlight the potential for incor-
poration into practical formulations such as shampoos, sprays, and
collars. Activity against ticks of public health relevance has also been
demonstrated (Dadé et al., 2025). In addition, EO from C. sativa cv.
Felina 32 inflorescences showed efficacy against Dermanyssus gallinae
(De Geer 1778) and Hyalomma dromedarii (Koch , 1844), with fg-car-
yophyllene and a-humulene identified as key active components (Tabari
et al., 2020). These findings support the potential of hemp EO as a
multifunctional agent for veterinary ectoparasite management.

However, the development of such applications requires careful
toxicological evaluation and product standardization. Differences in
extraction and distillation methods can produce EOs with substantially
different chemical composition and safety characteristics, underscoring
the need to characterize both terpene and cannabinoid content prior to
commercialization (Sut et al., 2024). Standardized toxicological testing
and safety assessment protocols will therefore be essential for regulatory
acceptance and commercialization in veterinary markets.

8.3. Formulation as the bridge to field efficacy

The high volatility and susceptibility of unformulated EOs to
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photodegradation limit their persistence under field conditions. As a
result, formulation technologies are central to enabling practical appli-
cations. Nanoemulsions and encapsulation systems have demonstrated
improved stability and efficacy, with nanoemulsified hemp EO showing
enhanced and more persistent insecticidal activity compared to crude
EO (Mazzara et al., 2023), alongside favorable cytotoxicity profiles
(Aguzzi et al., 2023). Protein-based carriers derived from hemp repre-
sent an emerging strategy for developing fully plant-based delivery
systems (Zhang et al., 2025).

In addition, electrospun films and nanofibers provide promising
platforms for controlled release in greenhouse and storage environments
(Yang et al., 2025). Collectively, these formulation technologies may
provide the critical link between laboratory bioactivity and practical
deployment by enhancing stability, enabling controlled delivery, and
facilitating the commercialization of hemp EO and terpene-rich frac-
tions for crop protection, postharvest preservation, and veterinary
applications.

8.4. Non-target and environmental considerations

Assessment of non-target effects is essential for the development of
hemp EO-based biopesticides. Preliminary studies indicate that formu-
lation can mitigate phytotoxicity and improve safety toward beneficial
organisms (Mazzara et al., 2023). However, comprehensive ecotoxico-
logical evaluations remain limited. Given the substantial variability in
terpene profiles among hemp cultivars (Pieracci et al., 2021; Zheljazkov
et al., 2025a), environmental risk assessments should be
chemotype-specific rather than generalized at the product level.

Although biodegradability is often regarded as a major advantage of
EOs, rapid degradation may also reduce field persistence and conse-
quently, efficacy. Achieving an optimal balance between biological ac-
tivity and environmental fate will require the integration of chemical
ecology, formulation science, and agronomic management. From an
industrial perspective, such optimization is critical for developing hemp-
derived products that are both effective and environmentally
compatible.

9. Knowledge gaps and research agenda

Advancing hemp EOs from promising bioactive mixtures to reliable
industrial ingredients requires a coordinated, application-driven
research agenda that integrates cultivation, processing, formulation,
and end-use performance. A major priority is the development of field-
to-function studies that explicitly connect agronomic variables,
including cultivar selection, harvest timing, and postharvest manage-
ment, with industrially relevant outcomes such as antimicrobial activity,
sprout suppression, and biopesticide efficacy (Pieracci et al., 2021;
Zheljazkov et al., 2025a). Without these linkages, optimization remains
largely empirical, limiting reproducibility, scalability, and commer-
cialization adoption. In parallel, fraction-by-purpose approaches should
be developed to differentiate early and late distillation cuts, enabling
production of EO fractions tailored for specific applications such as food
preservation, postharvest storage protection, or crop protection systems
(Zheljazkov et al., 2025b). Such strategies could increase value gener-
ation per unit biomass while improving process efficiency and industrial
relevance.

Research on hemp EOs has expanded rapidly, yet progress remains
fragmented across agronomy, chemistry, microbiology, and formulation
science. Numerous investigations describe chemical composition
without evaluating functional performance, whereas efficacy studies
often omit critical metadata related to cultivar, postharvest handling,
extraction conditions, or distillation parameters (Zheljazkov et al.,
2025a; Baek et al., 2025). This disconnect hinders the development of
predictive models capable of linking production and processing de-
cisions to biological performance. Consequently, establishing integrated
experimental pipelines that follow hemp EO systems from field
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production through extraction, formulation, and application therefore
represents one of the most important challenges and opportunities for
the coming decade.

Although intellectual property activity in this area is increasing, it
reflects a similar lack of integration and standardization. For example,
patent applications such as CN108064886A describe hemp-derived ex-
tracts as insect repellents, yet these claims are generally broad and rarely
define hemp EO as a distinct, standardized functional ingredient. This
lack of specificity mirrors the inconsistencies found throughout scien-
tific literature and highlights the need for clearer terminology, perfor-
mance benchmarks, and quality specifications.

Compared with more established EO crops, hemp also lacks widely
accepted descriptors for chemotype classification and product quality
assessment. Reporting only relative chemical composition is often
insufficient because EOs with similar chemical profiles may exhibit
markedly different biological activities (Sovljanski et al., 2024; Pieracci
et al., 2024). The adoption of class-based metrics, such as monoterpene
indices, sesquiterpene indices, and oxygenated terpene fractions,
together with the reporting of absolute constituent concentrations in
addition to relative abundances, would substantially improve compa-
rability among studies (Joy, 2025b). Addressing these limitations will
require community-driven minimum reporting standards and coordi-
nated efforts among researchers, journals, funding agencies, and regu-
latory bodies. Key barriers and proposed actions are summarized in
Table 6.

Evidence from drying and curing studies demonstrates that post-
harvest operations can alter terpene profiles as much as genetic differ-
ences (Chen et al., 2021; Das et al., 2025). Nevertheless, most
antimicrobial and biopesticide published studies provide little infor-
mation on moisture history or storage duration. Development of kinetic
models describing terpene loss as a function of temperature, water ac-
tivity, and oxygen would allow rational design of supply chains (Baek
et al., 2025). Collaboration with postharvest physiologists, a discipline
well established for hops and medicinal herbs, is urgently needed.

Although hemp EO is intended for non-intoxicating uses, trace can-
nabinoids are frequently detected, particularly in late distillation frac-
tions and finely ground biomass (Spinozzi et al., 2025; Zheljazkov et al.,
2020; 2025b). Regulatory thresholds vary among jurisdictions, creating
uncertainty for biopesticide registration, food-contact materials, and
other commercial applications (Haczkiewicz et al., 2025). Future work
should establish processing cut-points that reliably minimize THC while
preserving terpene efficacy, supported by validated analytical methods
capable of simultaneous cannabinoid and terpene quantification
(Chaiwangrach et al., 2025).

In addition, safety and regulatory compliance must be addressed
comprehensively to facilitate market adoption. This includes the
development of robust production and quality-control protocols that
ensure THC concentrations remain consistently below regulatory limits
throughout processing and product formulation (Zheljazkov et al.,
2020). Further research should evaluate the effects of hemp EO-based
products on non-target organisms, characterize their toxicological pro-
files, determine residue behavior, and assess their environmental fate
and potential ecological impacts (Sut et al., 2024). Addressing these
regulatory, safety, and environmental considerations early in product
development will facilitate regulatory approval, reduce commerciali-
zation risks, and enhance industry confidence in hemp EO-based

Table 6
Key barriers and proposed actions.

Barrier Consequence Action

Inconsistent metadata
Postharvest variability
THC carryover
Limited field data
Formulation gaps

Poor comparability
Unreliable efficacy
Regulatory risk
Slow adoption
Short persistence

Reporting standard
Kinetic models
Fraction controls
Applied trials
Platform comparison
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products.

While nanoemulsions and encapsulation systems show promise,
comparative trials using identical hemp fractions are rare. Release ki-
netics, stability, and compatibility with agricultural adjuvants remain
poorly characterized (Kumar et al., 2025; Worku et al., 2024). Moreover,
formulation design should be integrated with chemotype and fraction
selection because early, monoterpene-rich fractions are likely to require
greater stabilization and more robust encapsulation strategies than
sesquiterpene-rich EOs (Zheljazkov et al., 2025b).

Formulation science represents a key enabling technology for in-
dustrial deployment. Comparative evaluation of delivery systems,
including nanoemulsions, protein-based encapsulates, hydrolate-
derived systems, and bio-based coatings, will help identify strategies
that enhance stability, control release, and maintain efficacy under real-
world conditions (Aguzzi et al., 2023; Zhang et al., 2025). Integration of
hemp EO into functional materials such as edible coatings, active
packaging films, and hydromulches offers a particularly promising
pathway for delivering combined antimicrobial, biopesticide, and
sprout-suppressive effects. Modeling release kinetics under realistic
climatic, field, and storage conditions will further support formulation
optimization and improve prediction of product performance (Yang
et al., 2025). These advances are essential for transitioning hemp EO
from a bulk extract to a high-value functional ingredient incorporated
into engineered delivery systems. Development and dissemination of
open-source reference formulations could further accelerate innovation
and facilitate adoption by researchers and industry stakeholders.

Data on impacts to beneficial arthropods, soil microbiota, and
aquatic organisms are limited. Mazzara et al. (2023) provided initial
evidence that formulation can mitigate phytotoxicity, yet broader eco-
toxicological frameworks are lacking. Life-cycle assessments comparing
hemp EO products with synthetic preservatives would clarify sustain-
ability claims (Gorski et al., 2025). Attention should also be given to
potential transfer of contaminants when hemp is grown on marginal or
in phytoremediation systems, as these factors may influence the safety
and quality of downstream products (Spinozzi et al., 2025).

Standardization is essential for industrial translation. The develop-
ment of certified reference materials and inter-laboratory ring tests will
improve analytical reproducibility and enable benchmarking across
production systems (Joy, 2025b). Equally important is the adoption of
harmonized metadata frameworks capturing key postharvest and
extraction variables. Such measures will reduce variability, facilitate
regulatory approval, and enable the establishment of quality specifica-
tions required by industry. From an industrial perspective, the absence
of universally accepted descriptors and reporting frameworks remains a
major bottleneck to commercialization.

Applied efficacy research should prioritize realistic use conditions to
establish translational relevance. This includes challenge studies on food
surfaces and stored commodities to evaluate antimicrobial performance
under representative postharvest environments, as well as semi-field
and field trials assessing repellence, insect control, and disease sup-
pression (Dadé et al., 2025). Demonstrating consistent efficacy under
operational conditions is critical for industry adoption, particularly in
sectors such as fresh product storage, grain protection, and integrated
pest management systems. Such validation studies will directly inform
product development and de-risk commercialization.

Collectively, these research priorities will enable the transition of
hemp EO from a variable natural extract to a standardized, high-value
input for postharvest technologies, biopesticide formulations, and bio-
based materials. This transition is essential for unlocking scalable ap-
plications and attracting industrial investment.

Toward a hemp biorefinery paradigm: Hemp EO should be viewed
within a broader biorefinery framework, where multiple co-products,
including fibers, seeds, hydrolates, and spent biomass, are integrated
into diversified industrial value chains (Spinozzi et al., 2025; Luca et al.,
2024). This systems-level approach is particularly important for
improving economic feasibility, as it enables cost-sharing across product
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streams and reduces reliance on a single high-value output. For instance,
EO fractions can be directed toward high-value applications such as
biopesticides, postharvest technologies, and antimicrobial coatings,
while residual biomass can be utilized for fiber-based materials,
bio-composites, or soil amendments.

The coordinated valorization of all biomass fractions aligns with
circular bioeconomy principles and supports the development of resil-
ient, low-waste production systems. Importantly, such integration can
offset the higher costs associated with advanced EO formulations,
including encapsulated delivery systems and functional coatings,
thereby facilitating their adoption in commercial agriculture and food
systems. From an industrial perspective, the biorefinery model enhances
supply chain resilience, improves resource efficiency, and creates mul-
tiple revenue streams, while reducing overall economic risk.

Industrial impact: Embedding hemp EO within a biorefinery paradigm
enables the development of scalable, multi-output systems that simul-
taneously address crop protection, postharvest quality, and sustainable
materials production. This integrated approach is likely to be critical for
achieving both economic viability and broad adoption in industrial
sectors.

10. Conclusions

Hemp (C. sativa) EOs and terpene-rich fractions represent an
emerging class of renewable inputs for antimicrobial, biopesticide, and
materials applications. The evidence synthesized in this review indicates
that hemp EO is not a uniform commodity, but rather a continuum of
chemotypes whose functional performance is governed by genotype,
harvest stage, postharvest handling, and distillation design. Early
monoterpene-rich fractions provide rapid antimicrobial and repellent
activity, whereas later sesquiterpene-enriched fractions and hydrolates
offer complementary properties suited for sustained release and
material-based delivery systems. Realizing this potential requires a shift
from descriptive chemistry toward purpose-driven fractionation and
formulation.

Postharvest operations emerge as a critical yet frequently under-
reported determinant of terpene integrity. Drying, curing, and storage
can alter volatile profiles to an extent comparable to genetic factors,
with direct consequences for biological activity. Integration of post-
harvest science with extraction and analytical workflows is therefore
essential to ensure reproducibility. In parallel, validated analytical
frameworks capable of simultaneous terpene and cannabinoid quanti-
fication are needed to support quality control and manage THC
compliance in regulated markets.

The applications reviewed demonstrate considerable promise. Hemp
EO and hydrolates exhibit consistent activity against Gram-positive
bacteria, efficacy against insect and mite pests, and growing utility in
active packaging and bio-based materials. However, most studies
remain at laboratory scale. Translation to field and commercial systems
will depend on advances in formulation science, particularly nano-
emulsions, biopolymer encapsulation, and electrospun matrices, that
enhance stability and enable controlled release under operational
conditions.

Accelerating industrial adoption will require addressing several
cross-cutting challenges, including: (i) implementation of minimum
reporting standards linking cultivar, postharvest history, and fraction
identity; (ii) development of process—performance relationships con-
necting terpene profiles to biological endpoints; (iii) direct comparison
of EOs, hydrolates, and non-volatile extracts derived from identical
biomass; and (iv) comprehensive evaluation of non-target and envi-
ronmental safety. Positioning hemp EO within a biorefinery framework,
where EOs, hydrolates, aqueous residues, and residual biomass are co-
valorized, offer a pathway to improved economic viability and
sustainability.

In conclusion, hemp provides a versatile platform for terpene-based
industrial products. Its full potential will depend on coordinated,
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application-oriented research spanning agronomy, postharvest physi-
ology, analytical chemistry, and formulation engineering. With stan-
dardized methodologies and validation under realistic conditions, hemp
EOs can transition from promising laboratory materials to reliable
components of next-generation antimicrobial agents, biopesticides, and
sustainable bio-based materials. More broadly, hemp EO should be
viewed not as a single commodity but as a portfolio of application-
specific fractions integrated within a circular biorefinery paradigm
capable of generating multiple high-value products from a single crop.
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