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Preface

The plant Cannabis sativa L. stands as one of humanity’s oldest and most multifaceted
botanical companions. Its history is deeply interwoven with the development of agriculture,
medicine, textiles, and even spiritual practices across diverse cultures and millennia. From
the robust fibers of industrial hemp used for ropes and sails that powered exploration, to the
psychoactive and medicinal properties of marijuana varieties revered and regulated, Cannabis
embodies a remarkable spectrum of utility and controversy.

In recent decades, a renaissance in Cannabis research, driven by evolving legal land-
scapes and advancing scientific methodologies, has begun to unravel the complexities of this
plant with unprecedented detail. We now understand the intricate biosynthesis of cannabi-
noids, terpenes, and flavonoids, the mechanisms by which they interact with the human
endocannabinoid system, and their potential therapeutic applications for a growing list of
conditions. Simultaneously, the resurgence of industrial hemp offers promising sustainable
solutions for materials, food, and environmental remediation.

This book aims to provide a comprehensive, multidisciplinary overview of Cannabis in its
entirety. We bridge the historical context with the latest scientific understanding, encompass-
ing both low-THC industrial hemp and high-THC medical marijuana. The journey begins
with the plant’s botanical origins and fundamental phytochemistry, laying the groundwork
for understanding its diverse applications.

We then delve into the world of industrial hemp, exploring its agronomy, processing
into valuable products like fibers, oils, and nutraceuticals, and its significant environmental
benefits, including carbon sequestration and phytoremediation.

The focus then shifts to medical marijuana, examining the pharmacology of major
cannabinoids like ∆9-tetrahydrocannabinol (THC) and cannabidiol (CBD), critically review-
ing the clinical evidence for their use in treating conditions such as chronic pain, spasticity,
and chemotherapy-induced nausea, while also addressing safety considerations and the com-
plex regulatory environment.

Recognizing the rapidly advancing frontier of cannabinoid science, this volume dedi-
cates specific attention to emerging phytocannabinoids, notably ∆9-tetrahydrocannabiphorol
(THCP) and cannabidiphorol (CBDP). We explore their recent discovery, unique chemical
structures, potent pharmacological activities, and the questions they raise for science and
regulation.

Furthermore, innovation extends beyond phytochemistry into materials science. We in-
troduce cutting-edge developments in hemp-derived materials, including Hemp-Derived Car-
bon Nanosheets (HDCNS) for energy storage and the conceptual framework for Organic
Hemp Diamond Composites—novel, sustainable materials with potential applications rang-
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ing from construction to aerospace.
Finally, the book looks towards the future, considering policy trends, market dynamics,

the pursuit of global organic standards, and even the speculative yet intriguing possibilities
of cultivating hemp in extraterrestrial environments.

Throughout this exploration, we strive to integrate classical knowledge with contempo-
rary research, citing peer-reviewed literature (referenced via Digital Object Identifiers, DOIs)
to support key assertions. This work is intended for a diverse audience, including researchers,
students, healthcare professionals, policymakers, entrepreneurs, and anyone seeking a scien-
tifically grounded understanding of the Cannabis plant and its profound potential.

The path forward for Cannabis is one of immense opportunity and ongoing discovery. It
requires careful navigation through scientific inquiry, ethical considerations, and informed
policy. We hope this book serves as a valuable resource in that journey.

Marie Seshat Landry
April 16, 2025
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Cannabis Botany & Phytochemistry

9





Chapter 1

Historical & Botanical Foundations

1.1 Origins and Domestication

The relationship between humans and Cannabis sativa L. extends deep into prehistory,
making it one of the earliest domesticated plant species. Archaeological and archaeobotanical
evidence points to its origins in Central and East Asia. While definitive timelines are debated,
cannabis pollen and seeds have been found in association with human settlements dating back
millennia. Some historical accounts suggest evidence of hemp cultivation and use stretching
as far back as 8000 BCE, particularly in regions of modern-day China and Taiwan, although
the precise nature and extent of early cultivation are subjects of ongoing research.

Early human societies utilized Cannabis for a remarkable variety of purposes. The strong,
durable bast fibers derived from the plant’s stalk were invaluable for crafting textiles, ropes,
nets, paper, and cordage. These materials were fundamental to daily life, agriculture, mar-
itime exploration, and warfare. Concurrently, the plant’s seeds (achenes) served as a nu-
tritious food source, rich in proteins and essential fatty acids. Beyond these utilitarian
applications, historical records from ancient China, India, Egypt, Greece, and Rome doc-
ument the use of Cannabis preparations for medicinal and ritualistic purposes, leveraging
its analgesic, anti-inflammatory, and psychoactive properties. The complex history reflects
a plant intricately woven into the fabric of human civilization long before modern scientific
investigation began to unravel its chemical secrets (General historical context can be com-
plemented by reviews like Andre et al., Molecules, 2016, DOI: 10.3390/molecules21010039
- Note: The original DOI 10.3390/molecules25184078 seems more focused on phytochem-
istry than deep history, a general review DOI might be more appropriate here, or specific
archaeological papers referenced).

The plant’s journey across continents followed trade routes and human migration, leading
to its establishment in diverse ecological niches and its adaptation into distinct landraces
shaped by both natural and human selection for specific traits, whether fiber length, seed
yield, or psychoactive potency.
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12 CHAPTER 1. HISTORICAL & BOTANICAL FOUNDATIONS

1.2 Taxonomy and Chemotypes

The taxonomic classification of Cannabis has been a subject of considerable debate among
botanists. Historically, proposals ranged from a single, highly variable species, Cannabis
sativa L., to multiple distinct species (e.g., C. sativa, C. indica, C. ruderalis). The pre-
vailing modern consensus, supported by genetic and chemotaxonomic data, generally favors
the recognition of a single species, Cannabis sativa L., with significant infraspecific varia-
tion. This variation is often categorized into subspecies or varieties, although nomenclature
remains inconsistent globally.

A crucial distinction, particularly relevant for legal and industrial purposes, lies between
"industrial hemp" and "drug-type" cannabis (often referred to as marijuana).

• Industrial Hemp: Typically refers to varieties of Cannabis sativa cultivated for fiber,
seeds, or Cannabidiol (CBD) production, characterized by a very low concentration of
the primary psychoactive compound, ∆9-tetrahydrocannabinol (THC). Legally, the
threshold defining hemp varies by jurisdiction but is often set at 0.2% or 0.3% THC
by dry weight in aerial plant parts. These plants are often classified botanically within
Cannabis sativa subsp. sativa. They tend to be tall with long internodes, favouring
fiber production.

• Drug-Type Cannabis (Marijuana): Refers to varieties cultivated primarily for
their high THC content, utilized for medicinal or recreational purposes. These varieties
often exhibit different morphologies, potentially shorter and bushier, and are sometimes
associated with the historical C. indica or hybrid classifications.

This phenotypic divergence, especially in cannabinoid content, is rooted in the plant’s
genetics, specifically the pathways governing cannabinoid biosynthesis. The relative abun-
dance of THC versus CBD is primarily controlled by allelic variations at the locus encoding
the enzymes responsible for converting the common precursor, cannabigerolic acid (CBGA),
into either tetrahydrocannabinolic acid (THCA) or cannabidiolic acid (CBDA).

Plants possess two key enzymes: THCA synthase (THCAS) and CBDA synthase (CB-
DAS).

• Chemotype I: THC-dominant plants possess functional alleles for THCAS and often
non-functional alleles for CBDAS, leading to high THCA production.

• Chemotype II: Mixed THC/CBD plants possess functional alleles for both THCAS
and CBDAS, resulting in significant amounts of both cannabinoids.

• Chemotype III: CBD-dominant plants (typical of industrial hemp) possess functional
alleles for CBDAS and non-functional alleles for THCAS, leading to high CBDA and
very low THCA production.

• Chemotype IV: CBG-dominant plants lack functional THCAS and CBDAS, causing
the precursor CBGA to accumulate.

• Chemotype V: Cannabinoid-free plants (rare).
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Understanding these chemotypes is fundamental to breeding programs, whether selecting
for low THC in hemp or specific cannabinoid profiles for medical applications. Modern
genetic and biotechnological tools are accelerating the development of cultivars with tailored
chemical compositions (Hesami et al., Environmental and Experimental Botany, 2021, DOI:
10.1007/s11356-021-16264-5). The legal distinction based purely on THC percentage
often overlooks the shared genetics and botanical identity of hemp and marijuana, both
belonging to Cannabis sativa.
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Chapter 2

Cannabinoid Biosynthesis Pathways

The remarkable diversity of chemical compounds found in Cannabis sativa, particularly the
cannabinoids, is the result of intricate enzymatic processes within the plant’s glandular tri-
chomes. Understanding these biosynthetic pathways is crucial for comprehending the chem-
ical differences between cultivars and for developing targeted breeding or biotechnological
production methods. Cannabinoids are terpenophenolic compounds, meaning they derive
from both isoprenoid and polyketide precursors.

2.1 Overview of Cannabinoid Classes

Over 150 different phytocannabinoids have been identified in Cannabis, although most occur
in trace amounts. They are generally classified based on their chemical structure, particularly
the arrangement of their carbon skeleton. The major classes include:

• Cannabigerol-type (CBG)

• ∆9-Tetrahydrocannabinol-type (∆9-THC)

• Cannabidiol-type (CBD)

• Cannabichromene-type (CBC)

• Cannabinol-type (CBN) - Primarily a degradation product of THC

• Cannabielsoin-type (CBE)

• Cannabicyclol-type (CBL)

• And other miscellaneous types.

Within these classes, variations exist based on the length of the alkyl side chain (e.g., propyl
cannabinoids like THCV, CBDV; phorol cannabinoids like THCP, CBDP) and the state of
carboxylation (acidic vs. neutral forms).
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16 CHAPTER 2. CANNABINOID BIOSYNTHESIS PATHWAYS

2.2 The Central Biosynthetic Pathway

The biosynthesis of the major cannabinoids begins with precursors from primary metabolism.
The pathway involves the combination of geranyl pyrophosphate (GPP), derived from the
isoprenoid pathway (specifically, the methylerythritol phosphate or MEP pathway located
in plastids), and olivetolic acid (OA), a polyketide derived from hexanoyl-CoA and malonyl-
CoA via the action of olivetolic acid synthase (OAS) and olivetol cyclase (OAC).

The key enzymatic step is the alkylation of olivetolic acid by geranyl pyrophosphate,
catalyzed by a geranylpyrophosphate:olivetolate geranyltransferase (GOT). This reaction
forms cannabigerolic acid (CBGA).

GPP + OA GOT−−−→ CBGA
CBGA is often referred to as the "mother cannabinoid" because it serves as the central

precursor for the most abundant cannabinoids produced directly by the plant.

2.3 Enzymatic Diversification from CBGA

The fate of CBGA is determined by the action of three specific oxidative cyclases, which are
flavin adenine dinucleotide (FAD)-dependent oxidoreductases located in the secretory cavity
of the glandular trichomes:

• Tetrahydrocannabinolic acid synthase (THCAS): This enzyme catalyzes the
oxidative cyclization of CBGA to form tetrahydrocannabinolic acid (THCA), the acidic
precursor to THC. CBGA THCAS−−−−−→ THCA

• Cannabidiolic acid synthase (CBDAS): This enzyme catalyzes the oxidative cy-
clization of CBGA to form cannabidiolic acid (CBDA), the acidic precursor to CBD.
CBGA CBDAS−−−−−→ CBDA

• Cannabichromenic acid synthase (CBCAS): This enzyme catalyzes the oxidative
cyclization of CBGA to form cannabichromenic acid (CBCA), the acidic precursor to
CBC. CBGA CBCAS−−−−−→ CBCA

As discussed in Chapter 1 (Section 1.2), the relative activity and presence of functional alleles
for THCAS and CBDAS largely determine the primary cannabinoid profile (chemotype) of a
given Cannabis plant. CBCAS activity is generally present across different chemotypes, lead-
ing to varying levels of CBCA (Andre et al., Molecules, 2020, DOI: 10.3390/molecules25184078).

2.4 Decarboxylation to Neutral Cannabinoids

The cannabinoids produced enzymatically within the plant exist primarily in their acidic
forms (THCA, CBDA, CBCA). These forms possess their own biological activities but are
generally not psychoactive (in the case of THCA) and have different pharmacological profiles
compared to their neutral counterparts.
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The conversion from acidic to neutral forms (THC, CBD, CBC) occurs through decar-
boxylation—the removal of a carboxyl group (COOH) as carbon dioxide (CO2). This process
is typically induced by heat (e.g., smoking, vaping, cooking) or occurs slowly over time during
storage, accelerated by light and air exposure.

THCA ∆,hν−−−→ ∆9-THC + CO2

CBDA ∆,hν−−−→ CBD + CO2

CBCA ∆,hν−−−→ CBC + CO2

This decarboxylation step is critical for activating the pharmacological effects commonly
associated with THC and CBD.

2.5 Rare Phytocannabinoids: Introduction to THCP and
CBDP

While THC and CBD dominate the cannabinoid profile of most cultivars, advanced analytical
techniques continue to reveal a wealth of minor or "rare" cannabinoids. Among the most sig-
nificant recent discoveries are ∆9-tetrahydrocannabiphorol (∆9-THCP) and Cannabidiphorol
(CBDP). These compounds are structurally analogous to THC and CBD, respectively, but
possess a longer, seven-term alkyl side chain (heptyl) instead of the typical five-term (pentyl)
chain found in THC and CBD.

The biosynthetic origin of these phorol cannabinoids is hypothesized to involve a pathway
parallel to the main one described above. Instead of olivetolic acid (which has a pentyl side
chain), the pathway likely starts with divarinolic acid (DA), which possesses a propyl (three-
term) side chain, or possibly heptanoyl-CoA leading to an intermediate with a heptyl side
chain (perhaps cannabigerophorolic acid, CBGPA). If CBGA biosynthesis involves GPP and
OA, then CBGPA biosynthesis would presumably involve GPP and the corresponding C7-
resorcylic acid. This precursor (CBGPA) would then be acted upon by THCAS and CBDAS
to yield THCP acid (THCPA) and CBDP acid (CBDPA), respectively (Citti et al., Sci Rep,
2019, DOI: 10.1038/s41598-019-56785-1).

The discovery of these longer-chain cannabinoids opens new avenues for research, as
the alkyl chain length significantly influences cannabinoid receptor binding affinity and po-
tency, as will be discussed further in Part IV. The presence and concentration of these rare
cannabinoids appear to vary significantly between different Cannabis cultivars.
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Part II

Industrial Hemp
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Chapter 3

Agronomy & Cultivation

Industrial hemp, defined legally by its low ∆9-tetrahydrocannabinol (THC) content (typically
below 0.3% or 0.2% by dry weight), represents a versatile agricultural crop with a wide range
of applications. Successful cultivation requires careful consideration of varietal selection,
environmental conditions, and appropriate agronomic practices tailored to the intended end-
use, whether for fiber, grain (seed), or cannabinoids like cannabidiol (CBD). Unlike its high-
THC counterpart (marijuana), industrial hemp cultivation is typically large-scale, employing
standard agricultural machinery and techniques.

3.1 Varietal Selection & Genetics

The choice of hemp cultivar is paramount and depends entirely on the primary product
desired. Centuries of cultivation and modern breeding programs have led to specialized
varieties:

• Fiber Varieties: These cultivars are selected for long, strong bast fibers found in
the stalk’s outer layer (phloem). They are typically tall (can exceed 4 meters), with
minimal branching and long internodes. Breeding focuses on maximizing biomass yield,
fiber content, and desirable fiber qualities (e.g., fineness, strength). Planting density is
usually high to encourage upward growth and suppress branching. Examples include
varieties developed in France, Canada, and Eastern Europe (e.g., Futura 75, Fedora
17, Kompolti).

• Grain (Oilseed) Varieties: These cultivars are bred for high yields of nutritious
hemp seeds (achenes). They are generally shorter and more branched than fiber types,
directing energy towards seed production rather than stalk elongation. Selection cri-
teria include seed yield, oil content, fatty acid profile (omega-3 and omega-6 balance),
protein content, ease of harvesting, and resistance to shattering. Planting density is
lower than for fiber crops to allow for branching and flower/seed development. Exam-
ples include Finola, X-59, and various Canadian cultivars.

• Dual-Purpose Varieties: Some cultivars aim to provide viable yields of both fiber
and grain, offering flexibility to growers. These often represent a compromise in height
and branching compared to specialized types.
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22 CHAPTER 3. AGRONOMY & CULTIVATION

• Cannabinoid (CBD) Varieties: With the rise of the CBD market, breeding efforts
have focused intensely on developing hemp cultivars that maximize CBD (or CBG)
content while strictly adhering to the legal THC limit. These varieties often resemble
drug-type cannabis morphologically (shorter, bushier, with abundant flowers) but pos-
sess the critical genetic trait for CBD dominance (Chemotype III, see Chapter 1.2).
Agronomic practices for CBD hemp often differ significantly, sometimes involving more
manual labor, wider spacing, and focus on harvesting unpollinated female flowers (sin-
semilla), similar to marijuana cultivation but on a larger scale and with strict THC
monitoring.

The genetic basis for the low-THC trait (non-functional THCAS alleles coupled with
functional CBDAS alleles) is the cornerstone of industrial hemp breeding and legality. Na-
tional and international bodies often maintain lists of approved, certified hemp cultivars
that have demonstrated stable compliance with THC limits over multiple generations and
environments. Modern breeding utilizes marker-assisted selection (MAS) and genomic tools
to accelerate the development of cultivars with improved yield, disease resistance, specific
cannabinoid profiles, and adaptation to diverse growing regions.

3.2 Agronomic Practices

Industrial hemp is known for its adaptability but thrives under specific conditions for optimal
yield and quality.

• Climate: Hemp generally prefers temperate climates with moderate, well-distributed
rainfall (around 600-700 mm during the growing season). It requires sufficient warmth,
especially during germination and early growth (optimal soil temperature > 10 ◦C).
While relatively drought-tolerant once established, prolonged water stress reduces
yield, particularly for fiber. Day length sensitivity (photoperiodism) influences flower-
ing time in many varieties, impacting vegetative growth duration and harvest timing.

• Soil Requirements: Hemp performs best in well-drained, deep, fertile loam soils with
good moisture-holding capacity. It is sensitive to soil compaction and waterlogging.
An optimal soil pH is typically between 6.0 and 7.5. While hemp can grow on marginal
lands, yields will be significantly lower. Its deep taproot can help improve soil structure.

• Land Preparation and Sowing: A well-prepared, firm, and fine seedbed is essential
for good germination and uniform stand establishment. Sowing typically occurs in
spring when soil temperatures are adequate and the risk of frost has passed. Seed
depth is usually shallow (1 cm to 3 cm).

• Planting Density: Density varies significantly with end-use:

– Fiber: High density (200 plants/m2 to 400 plants/m2) to maximize stalk yield and
suppress weeds through canopy closure.

– Grain: Lower density (100 plants/m2 to 150 plants/m2) to allow branching and
flower/seed development.
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– CBD: Often much lower density (1 plants/m2 to 5 plants/m2), sometimes using
feminized seeds or clones, to maximize individual plant flower production and
facilitate harvest.

• Nutrient Management: Hemp is a relatively nutrient-demanding crop, particularly
regarding nitrogen (N) for vegetative growth (fiber) and phosphorus (P) and potassium
(K) for seed and flower development. Nutrient requirements vary based on soil fertility,
yield expectations, and the specific product. Soil testing is recommended to guide
fertilization strategies.

• Weed, Pest, and Disease Control: Hemp is often cited for its ability to outcompete
weeds, especially when planted densely for fiber, reducing the need for herbicides. How-
ever, weed control can be necessary during early establishment, particularly in lower-
density grain or CBD crops. Hemp is susceptible to various pests (e.g., European corn
borer, hemp russet mite) and diseases (e.g., gray mold, hemp canker, Fusarium wilt),
although pressure varies regionally. Integrated pest management (IPM) strategies are
preferred, especially for crops intended for human consumption (grain, CBD).

• Harvesting: Timing and methods depend on the product:

– Fiber: Harvest typically occurs during or shortly after flowering when bast fiber
quality is optimal but before seed set significantly advances. Specialized cutters
and windrowers are often used, followed by field retting (see Chapter 4.1).

– Grain: Harvest occurs when seeds are mature, typically 70-90% maturity to bal-
ance yield against shattering losses. Standard combine harvesters (adjusted for
hemp) are used. Careful drying is crucial post-harvest.

– CBD: Harvest timing is critical, based on trichome maturity and cannabinoid
profiles (requiring regular testing to ensure THC compliance). Harvesting is often
more labor-intensive, focusing on preserving the flowers/buds, followed by careful
drying and curing.

Effective hemp agronomy combines traditional agricultural knowledge with practices
adapted to the specific cultivar and market goal, ensuring sustainable production and high-
quality raw materials.
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Chapter 4

Processing & Value-Added Products

Once harvested, industrial hemp biomass undergoes various processing steps to transform it
into marketable raw materials and finished goods. The processing pathway depends heavily
on the primary component being targeted—fiber, seed, or cannabinoids—and the desired
final product quality. Hemp’s versatility allows for the creation of a wide array of products,
from traditional textiles and foods to advanced biomaterials and nutraceuticals.

4.1 Fiber and Composite Materials

Processing hemp stalks to extract fibers is a multi-step process aimed at separating the
valuable bast fibers (long fibers in the outer layer) from the woody core (hurd or shives).

• Retting: This is a crucial first step that uses moisture and microbial action (or chem-
icals/enzymes) to break down the pectins and lignins binding the bast fibers to the
hurd and to each other, making separation easier.

– Dew Retting: The most common and environmentally friendly method. Hemp
stalks are left in the field after cutting, exposed to dew, rain, and sun. Naturally
occurring fungi and bacteria perform the retting over several weeks. Quality can
be variable depending on weather conditions.

– Water Retting: Involves submerging stalks in water (ponds, tanks). Faster than
dew retting but can cause water pollution issues if not managed properly. Pro-
duces high-quality, fine fibers.

– Enzyme/Chemical Retting: Uses specific enzymes or chemicals to accelerate pectin
degradation in controlled industrial settings. Faster and more consistent but can
be more costly and require careful waste management.

• Decortication: After retting and drying, the stalks are mechanically processed to
separate the bast fibers from the hurd. Traditional methods involved breaking the
stalks (scutching) and combing (hackling). Modern decortication lines use various me-
chanical actions (rollers, beaters, separation chambers) to achieve efficient separation.
The quality of separation impacts the final use of both fiber and hurd.
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• Fiber Applications:

– Textiles: Long, fine hemp fibers can be spun into yarn for clothing, upholstery, and
technical textiles. Hemp fabric is known for its strength, durability, breathability,
and antimicrobial properties.

– Nonwovens: Shorter fibers and processing tow can be used to produce mats,
insulation, geotextiles, and absorbent materials.

– Pulp and Paper: Hemp fibers provide high-quality pulp for specialty papers, bank
notes, and cigarette paper due to their high cellulose content and strength.

– Biocomposites: Hemp fibers (bast and/or hurd) are increasingly used as natural
reinforcement in polymer composites, often replacing glass or synthetic fibers.
These "hempcrete" (lime-hemp concrete) or hemp-plastic composites find appli-
cations in automotive panels, construction materials, and consumer goods, offer-
ing lower weight, reduced environmental impact, and good mechanical properties
(Shahzad, A. Hemp fiber and its composites–a review. J Compos Mater, 2012
- General reference; Specific composite focus: Pickering et al., Composites Part
A, 2016, DOI: 10.1016/j.compositesa.2016.02.019; Book chapter reference:
Van der Werf, H. M. G., and Turunen, L. (2017). The environmental impact
of hemp (Cannabis sativa L.) in fibre Pproduction chains. In: Industrial Hemp,
DOI: 10.1007/978-3-319-45541-9_1).

• Hurd Applications: The woody core (hurd) is highly absorbent and rich in cellulose.
It is used for animal bedding, garden mulch, building materials (e.g., hempcrete), and
as a raw material for biochemicals or energy production.

4.2 Hemp Seed Oil & Nutraceuticals

Hemp seeds, or achenes, are a nutritional powerhouse processed primarily for their oil and
protein content.

• Oil Extraction:

– Cold Pressing: The preferred method for food-grade hemp seed oil. Mechanical
pressing (screw press) without external heat application preserves the oil’s sen-
sitive fatty acids, flavour, and micronutrients. Yields are typically lower than
solvent extraction.

– Solvent Extraction: Uses solvents (like hexane) to extract a higher percentage of
oil from the seed cake remaining after pressing. The oil is then refined. Used
primarily for industrial applications or lower-grade oil products. Supercritical
CO2 extraction is an alternative, cleaner solvent method.

• Nutritional Profile of Hemp Seed Oil: Hemp seed oil is highly valued for its
unique fatty acid profile:
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– Essential Fatty Acids (EFAs): Rich in polyunsaturated fatty acids (PUFAs), typ-
ically composing over 75% of the oil. Contains linoleic acid (LA, omega-6) and
alpha-linolenic acid (ALA, omega-3) in an optimal ratio, often cited as around
3:1 (LA:ALA), considered beneficial for human health.

– Gamma-Linolenic Acid (GLA): Contains stearidonic acid (SDA, omega-3) and
gamma-linolenic acid (GLA, omega-6), less common fatty acids with potential
anti-inflammatory properties.

– Micronutrients: A good source of tocopherols (Vitamin E), tocotrienols, phytos-
terols, and carotenoids, which contribute antioxidant properties and stability.

The oil is primarily used as a dietary supplement, in salad dressings, sauces, and
personal care products. Its low smoke point makes it unsuitable for high-heat cooking
(Kuhnt et al., Biomedicines, 2023, DOI: 10.3390/biomedicines11102630).

• Hemp Seeds (Whole/Hulled): Whole seeds provide dietary fiber. Hulled seeds
(hemp hearts) expose the nutrient-rich inner kernel, high in protein and healthy fats.
They are consumed directly, added to foods (cereals, salads, smoothies), or processed
further.

4.3 Functional Foods & Nutraceutical Research

Beyond the oil, the protein fraction of hemp seed is gaining significant attention in the
functional food and nutraceutical sectors.

• Hemp Protein: Hemp seeds contain approximately 25-35% protein by weight. The
primary storage proteins are edestin (a globular protein, 65-75% of total) and albumin
( 25-35%). Hemp protein is considered high quality, providing all essential amino acids.
It is noted for its high digestibility and content of arginine and glutamic acid. Hemp
protein powder, derived from the seed cake after oil extraction, is marketed as a plant-
based protein supplement.

• Hemp Peptides: Research is exploring the bioactivity of peptides derived from the
enzymatic hydrolysis of hemp proteins (edestin and albumin). Studies have sug-
gested potential antioxidant, antihypertensive (ACE-inhibitory), anti-inflammatory,
and other health-promoting properties of specific hemp-derived peptides. This re-
search points towards the potential use of hemp protein hydrolysates as functional
ingredients in foods or nutraceutical formulations (Aiello et al., Antioxidants, 2021,
DOI: 10.3390/antiox10111706 - Example of peptide research).

• Other Products: Hemp flour (milled from seed cake) can be incorporated into baked
goods. Hemp milk is a plant-based milk alternative. The exploration of hemp ingredi-
ents in food technology continues to expand.

The diverse processing streams for industrial hemp allow for whole-plant utilization,
maximizing economic value and contributing to various sectors, from sustainable materials
to health foods.
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Chapter 5

Environmental & Sustainability Aspects

Industrial hemp cultivation and processing offer several potential environmental benefits,
positioning it as a candidate for sustainable agriculture and bio-based economies. Its rapid
growth, versatility, and relatively low input requirements contribute to its positive environ-
mental profile, although comprehensive assessments depend on specific cultivation practices,
processing methods, and end-product applications.

5.1 Carbon Sequestration & Phytoremediation

• Carbon Sequestration: Cannabis sativa is a fast-growing plant capable of producing
significant biomass in a single growing season (typically 3-4 months). Through photo-
synthesis, it captures atmospheric carbon dioxide (CO2) and converts it into organic
matter (cellulose, lignin, etc.) stored in its stalks, leaves, and roots. Estimates of CO2

sequestration rates vary depending on cultivar, growing conditions, density, and yield,
but studies suggest hemp can absorb substantial amounts of CO2 per hectare during its
growth cycle. Some reports cite figures potentially reaching or exceeding 10 t ha−1 of
CO2 assimilated, making it comparable or superior to many forests in terms of seques-
tration rate during the growth period. This sequestered carbon can be locked away
long-term when hemp biomass is used in durable products like building materials (e.g.,
hempcrete) or biocomposites, contributing to carbon negativity.

• Phytoremediation Potential: Hemp has demonstrated potential for phytoremedia-
tion—the use of plants to remove, contain, or degrade contaminants in soil, sediment,
or water. Specifically, hemp shows tolerance to and capacity for phytoextraction of
certain heavy metals (e.g., cadmium, lead, nickel, zinc) from contaminated soils. Its
rapid growth and deep root system allow it to absorb these metals, which then accu-
mulate in the plant tissues. While this ability is promising for cleaning up polluted
industrial or agricultural land, careful consideration is needed regarding the end-use of
the contaminated biomass. Hemp grown on contaminated soil may not be suitable for
food, feed, or nutraceutical applications. Research continues to optimize hemp varieties
and cultivation techniques for effective phytoremediation (General potential mentioned
in reviews like Hesami et al., Environmental and Experimental Botany, 2021, DOI:
10.1007/s11356-021-16264-5; Specific studies like Linger et al., Chemosphere, 2002,
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DOI: 10.1016/S0045-6535(02)00186-7 provide experimental data). The disposal or
safe processing of the metal-laden hemp biomass remains a key challenge.

5.2 Life-Cycle Assessments (LCAs)

Life-Cycle Assessment (LCA) is a standardized methodology used to evaluate the environ-
mental impacts associated with all stages of a product’s life, from raw material extraction
("cradle") through processing, manufacturing, distribution, use, and disposal or recycling
("grave"). LCAs provide a quantitative basis for comparing the sustainability of different
products and processes.

LCAs comparing hemp-based products to conventional alternatives often highlight hemp’s
advantages, but also point to areas needing improvement:

• Hemp vs. Cotton: Cotton cultivation is notoriously input-intensive, requiring sig-
nificant amounts of water (irrigation), pesticides, and herbicides. Hemp generally
requires less water (though not none, especially for high yields), has better inherent
pest resistance reducing pesticide needs, and its dense canopy can suppress weeds,
minimizing herbicide use. LCAs often show hemp fiber production having a lower en-
vironmental footprint, particularly regarding water consumption and ecotoxicity, com-
pared to conventional cotton (Van der Werf & Turunen, In: Industrial Hemp, 2017,
DOI: 10.1007/978-3-319-45541-9_1). However, the retting process for hemp fiber,
especially water retting, can have significant environmental impacts if not managed
correctly.

• Hemp vs. Synthetic Fibers/Materials: Synthetic fibers (e.g., polyester, nylon)
and plastics are derived from fossil fuels, involving energy-intensive processes and con-
tributing to greenhouse gas emissions. They are also non-biodegradable, leading to
microplastic pollution. Hemp fibers and composites offer a renewable, bio-based alter-
native. They are biodegradable (under appropriate conditions) and their production
can be carbon-negative if the full life cycle, including carbon sequestration during
growth and storage in durable products, is considered. LCAs comparing hemp com-
posites to glass fiber composites, for example, often show benefits for hemp in terms of
lower energy consumption during production and reduced carbon footprint (Shahzad,
J Compos Mater, 2012 - Review context; Specific LCAs like Pervan et al., J Clean
Prod, 2021, DOI: 10.1016/j.jclepro.2020.124959).

• Considerations and Trade-offs: While promising, hemp’s sustainability is not auto-
matic. Intensive fertilization can lead to nutrient runoff. Mechanical processing (decor-
tication) requires energy. Transportation distances can impact the overall footprint.
The specific processing methods (e.g., retting type, chemical use) and energy sources
used significantly influence the final LCA results. Optimizing agronomic practices,
developing efficient and low-impact processing technologies, and establishing localized
supply chains are crucial for maximizing hemp’s environmental benefits.

Overall, industrial hemp presents a compelling case as a sustainable resource, offering
benefits in carbon sequestration, potential for soil remediation, and providing renewable



5.2. LIFE-CYCLE ASSESSMENTS (LCAS) 31

alternatives to resource-intensive conventional materials. Continued research and develop-
ment, coupled with supportive policies, are needed to fully realize this potential.
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Part III

Medical Marijuana
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This part shifts focus from industrial hemp to drug-type Cannabis sativa varieties, com-
monly referred to as marijuana, which are cultivated for their higher concentrations of phyto-
cannabinoids, particularly ∆9-tetrahydrocannabinol (THC), and utilized for medicinal pur-
poses. While the legal status and accessibility vary widely, scientific investigation into the
pharmacology and therapeutic potential of cannabinoids has significantly advanced, leading
to approved cannabinoid-based medicines and growing clinical interest.
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Chapter 6

Major Cannabinoids: ∆9-THC & CBD

Among the multitude of phytocannabinoids produced by Cannabis, ∆9-tetrahydrocannabinol
(THC) and cannabidiol (CBD) are the most abundant and extensively studied. Their dis-
tinct pharmacological profiles underpin many of the plant’s effects, both therapeutic and
adverse. While originating from the same precursor (CBGA, see Chapter 2), their structural
differences lead to markedly different interactions with the human body, primarily through
the endocannabinoid system (ECS) and other receptor targets.

6.1 ∆9-Tetrahydrocannabinol (∆9-THC) Pharmacology

∆9-THC is the primary psychoactive constituent of Cannabis, responsible for the euphoric
"high" associated with marijuana use. Its effects stem mainly from its activity as a partial
agonist at cannabinoid receptors type 1 (CB1) and type 2 (CB2), the key receptors of the
endogenous cannabinoid system.

• Receptor Binding and Activation: CB1 receptors are highly expressed in the cen-
tral nervous system (CNS) – particularly in areas involved in memory (hippocampus),
movement coordination (basal ganglia, cerebellum), appetite regulation (hypothala-
mus), and reward pathways (mesolimbic dopamine system) – as well as in peripheral
tissues. THC’s binding to CB1 receptors in the brain mediates its characteristic psy-
chotropic effects, including altered perception, euphoria, impaired short-term memory,
and changes in motor control. CB2 receptors are found predominantly in immune cells
and tissues, and to a lesser extent in the CNS. THC’s interaction with CB2 receptors
is thought to contribute to its immunomodulatory and anti-inflammatory effects.

• Therapeutic Effects: Beyond its psychoactivity, THC exhibits several potentially
therapeutic properties attributed to its CB1/CB2 agonism. These include:

– Analgesia: Modulation of pain perception pathways in the CNS and periphery.

– Antiemesis: Suppression of nausea and vomiting, particularly effective in chemotherapy-
induced nausea and vomiting (CINV), mediated partly via CB1 receptors in the
brainstem.
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– Appetite Stimulation: Increasing food intake, beneficial in conditions like cachexia
associated with cancer or HIV/AIDS.

– Muscle Relaxation: Potential reduction of spasticity in conditions like multiple
sclerosis (MS).

– Intraocular Pressure Reduction: A known effect relevant to glaucoma, though
clinical utility is debated.

These effects form the basis for the clinical applications discussed in Chapter 7.

• Metabolism and Pharmacokinetics: When inhaled (smoking, vaping), THC is
rapidly absorbed into the bloodstream, leading to peak plasma concentrations and
effects within minutes. Bioavailability is variable (10-35%). When ingested orally (ed-
ibles, capsules), absorption is slower and more erratic, with peak effects delayed (1-3
hours) and lower bioavailability (4-20%) due to significant first-pass metabolism in the
liver. THC is highly lipophilic, distributing widely into fatty tissues. It is primar-
ily metabolized by cytochrome P450 enzymes (CYP2C9 and CYP3A4) in the liver
into active (11-hydroxy-THC, 11-OH-THC, also psychoactive) and inactive (11-nor-9-
carboxy-THC, THC-COOH, the main metabolite detected in drug tests) metabolites,
which are then excreted primarily in feces and urine. The elimination half-life is long
due to redistribution from fat stores.

6.2 Cannabidiol (CBD) Mechanisms

Cannabidiol (CBD) is the second most abundant phytocannabinoid in many Cannabis va-
rieties and the dominant cannabinoid in industrial hemp (Chemotype III). Crucially, CBD
is non-intoxicating; it does not produce the euphoric high associated with THC. Its phar-
macological profile is complex and distinct from THC, involving interactions with multiple
molecular targets beyond the canonical cannabinoid receptors.

• Interaction with Cannabinoid Receptors: Unlike THC, CBD has a very low
binding affinity for CB1 and CB2 receptors. However, it can act as a negative allosteric
modulator of CB1 receptors, meaning it can bind to a different site on the receptor and
alter the way agonists like THC bind and activate it. This mechanism may contribute
to CBD’s ability to counteract some of THC’s psychoactive and adverse effects (e.g.,
anxiety, tachycardia, sedation). It may also act as an inverse agonist at CB2 receptors
under certain conditions.

• Non-ECS Targets: CBD’s diverse therapeutic potential likely stems from its inter-
action with a wide range of other receptor systems and cellular pathways:

– Serotonin Receptors: CBD is an agonist at the serotonin 5-HT1A receptor, which
is implicated in regulating anxiety, mood, sleep, and nausea. This interaction is
thought to contribute significantly to CBD’s anxiolytic and antidepressant-like
effects.
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– TRP Channels: CBD interacts with Transient Receptor Potential (TRP) chan-
nels, particularly TRPV1 (vanilloid receptor 1), which is involved in pain percep-
tion, inflammation, and body temperature regulation. CBD can activate and then
desensitize TRPV1 receptors, potentially contributing to its analgesic effects.

– Orphan Receptors: CBD acts as an agonist at the orphan G protein-coupled
receptor GPR55, which is implicated in regulating blood pressure, bone density,
and cancer cell proliferation.

– Opioid Receptors: CBD has been shown to act as a positive allosteric modulator
at mu (µ) and delta (δ) opioid receptors, potentially enhancing the binding or sig-
naling of endogenous opioids (endorphins) or opioid medications. This interaction
may contribute to its analgesic and potentially addiction-mitigating properties.

– Adenosine Signaling: CBD inhibits the cellular uptake and breakdown of the
endogenous neurotransmitter adenosine, thereby increasing extracellular adeno-
sine levels. Enhanced adenosine signaling contributes to anti-inflammatory and
potentially neuroprotective effects.

– PPARγ Activation: CBD activates peroxisome proliferator-activated receptors
(PPARs), particularly PPARγ, which plays roles in lipid metabolism, insulin sen-
sitivity, and inflammation.

– Antioxidant and Anti-inflammatory Effects: CBD exhibits direct antioxidant ac-
tivity and indirectly reduces oxidative stress and inflammation through various
mechanisms, including modulation of cytokine release and immune cell function.

(A comprehensive review of mechanisms including receptor interactions: Andre et al.,
Molecules, 2020, DOI: 10.3390/molecules25184078).

• Pharmacokinetics: Similar to THC, CBD is lipophilic. Oral bioavailability is gen-
erally low (around 6-15%) due to first-pass metabolism (primarily by CYP3A4 and
CYP2C19). Formulation strategies (e.g., oil-based solutions, nanoemulsions) can im-
prove absorption. It is metabolized into various hydroxylated forms, with 7-hydroxy-
CBD (7-OH-CBD) being a major metabolite.

The contrasting pharmacological profiles of THC and CBD, along with potential syner-
gistic or antagonistic interactions when co-administered (the "entourage effect"), underscore
the complexity of Cannabis pharmacology and the importance of understanding the specific
cannabinoid content of products used for medical purposes.



40 CHAPTER 6. MAJOR CANNABINOIDS: ∆9-THC & CBD



Chapter 7

Clinical Evidence & Therapeutic
Applications

The use of cannabis and cannabinoids for medicinal purposes has garnered significant scien-
tific and public interest. While anecdotal reports abound, establishing therapeutic efficacy
requires rigorous clinical investigation through randomized controlled trials (RCTs) and sys-
tematic reviews or meta-analyses. The evidence base is rapidly evolving, with varying levels
of support across different conditions. Approved cannabinoid medications (e.g., nabiximols,
dronabinol, nabilone, cannabidiol) exist for specific indications, while research continues into
broader applications.

7.1 Chronic Pain & Spasticity

Pain management and muscle spasticity are among the most common reasons patients seek
medical cannabis.

• Chronic Pain: Numerous studies have investigated cannabinoids for various chronic
pain conditions, particularly neuropathic pain. A landmark systematic review and
meta-analysis by Whiting et al. (2015) examined 79 trials of cannabinoids for multiple
indications. For chronic pain, the analysis found moderate-quality evidence suggest-
ing improvement with cannabinoids compared to placebo. Combining results across
different pain types and cannabinoid formulations, the pooled odds ratio (OR) for
achieving a reported pain improvement (often defined as >30% reduction) was 1.41
(95% Confidence Interval [CI], 0.99-2.00), indicating a positive trend but with confi-
dence intervals bordering statistical non-significance in some pooled analyses within
the review. The evidence was strongest for neuropathic pain. However, the authors
highlighted limitations including heterogeneity between studies, potential publication
bias, and the relatively short duration of most trials (Whiting et al., JAMA, 2015,
DOI: 10.1001/jama.2015.6358). Subsequent reviews and trials continue to refine our
understanding, suggesting cannabinoids may be beneficial for specific pain subtypes,
but often as adjunctive therapy rather than first-line treatment.
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• Multiple Sclerosis (MS) Spasticity: Spasticity, characterized by muscle stiff-
ness and spasms, is a debilitating symptom of MS. The oromucosal spray nabiximols
(Sativex®), containing a roughly 1:1 ratio of THC and CBD, is approved in numer-
ous countries (though not FDA-approved for this indication in the US) for treating
moderate to severe MS spasticity resistant to other treatments. Clinical trials and
the Whiting et al. meta-analysis (DOI: 10.1001/jama.2015.6358) provide moderate-
quality evidence supporting its efficacy in reducing patient-reported spasticity scores
compared to placebo. Objective measures of spasticity have shown less consistent
results, suggesting the primary benefit may be on subjective symptom relief.

7.2 Chemotherapy-Induced Nausea and Vomiting (CINV)

The antiemetic effects of cannabinoids, particularly THC, are well-established and represent
one of the earliest recognized therapeutic applications. Synthetic THC analogues (dronabi-
nol, nabilone) are FDA-approved for treating CINV in patients who have not responded
adequately to standard antiemetic therapies.

The Whiting et al. meta-analysis (DOI: 10.1001/jama.2015.6358) evaluated trials
comparing cannabinoids (mostly dronabinol or nabilone) against placebo for CINV. The
results showed low-quality evidence, but indicated that cannabinoids were more effective
than placebo in providing complete relief from nausea and vomiting, with a pooled odds
ratio of 3.82 (95% CI, 1.55-9.42). Another systematic review focusing specifically on CINV
(Smith et al., Ann Oncol, 2015, DOI: 10.1093/annonc/mdv130) similarly found cannabi-
noids to be more effective than placebo, although often associated with more side effects
compared to some newer standard antiemetics. Cannabinoids are generally considered a
second- or third-line option for refractory CINV in current oncology practice guidelines.

7.3 Epilepsy

The potential of cannabinoids, particularly CBD, for treating epilepsy has generated in-
tense research interest, leading to a significant therapeutic breakthrough. Following com-
pelling preclinical data and early clinical reports, rigorous RCTs investigated the efficacy of
highly purified, plant-derived CBD (Epidiolex®) as an add-on therapy for severe, treatment-
resistant childhood-onset epilepsies.

• Dravet Syndrome and Lennox-Gastaut Syndrome (LGS): Landmark Phase 3
trials demonstrated that add-on CBD significantly reduced the frequency of convulsive
seizures (Dravet) and drop seizures (LGS) compared to placebo (e.g., Devinsky et al.,
NEJM, 2017, DOI: 10.1056/NEJMoa1611618 for Dravet; Thiele et al., Lancet, 2018,
DOI: 10.1016/S0140-6736(18)30136-3 for LGS). These positive results led to the
FDA approval of Epidiolex® for these conditions, making it the first FDA-approved
drug derived directly from the Cannabis plant.

• Tuberous Sclerosis Complex (TSC): Subsequent trials showed CBD efficacy in
reducing seizures associated with TSC, leading to an expanded FDA approval.
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While highly effective for specific seizure types, CBD can cause side effects (e.g., somnolence,
decreased appetite, diarrhea, elevated liver enzymes) and has potential drug interactions
(particularly with clobazam via CYP enzyme inhibition). Research is ongoing to under-
stand its efficacy in other epilepsy types and the role of other cannabinoids or full-spectrum
extracts.

7.4 Emerging Indications

Research is actively exploring the potential of cannabinoids for a wide range of other condi-
tions, although the clinical evidence is often preliminary or mixed. Key areas include:

• Inflammatory Bowel Disease (IBD): Preclinical studies show anti-inflammatory
effects of cannabinoids in the gut. Clinical trials investigating cannabis or CBD for
Crohn’s disease and ulcerative colitis have yielded mixed results, sometimes showing
symptom improvement without clear effects on underlying inflammation (Kienzl et
al., Clin Transl Gastroenterol, 2023, DOI: 10.14309/ctg.0000000000000594). More
research is needed.

• Psychiatric Disorders:

– Anxiety Disorders: CBD has shown anxiolytic potential in preclinical models and
some small human studies (e.g., social anxiety). However, large-scale RCT evi-
dence is still limited (Skelley et al., Pharmacotherapy, 2020, DOI: 10.1002/phar.2386).
THC, conversely, can induce anxiety, especially in high doses or susceptible indi-
viduals.

– Post-Traumatic Stress Disorder (PTSD): Interest exists in cannabinoids for man-
aging PTSD symptoms (e.g., nightmares, anxiety), possibly via modulation of
fear memory consolidation. Clinical evidence remains inconclusive.

– Schizophrenia: CBD has been investigated as a potential antipsychotic, possibly
counteracting some THC-induced psychosis. Results are mixed, and THC use is
a known risk factor for psychosis exacerbation.

• Neurodegenerative Diseases: Research is exploring potential neuroprotective roles
for cannabinoids (particularly CBD due to antioxidant/anti-inflammatory properties)
in conditions like Parkinson’s disease and Alzheimer’s disease, but clinical evidence of
disease modification is lacking.

• Sleep Disorders: Cannabinoids are often used anecdotally for sleep. Clinical evidence
is mixed; THC may decrease sleep latency but impair sleep quality long-term, while
CBD’s effects are complex and dose-dependent.

While the therapeutic potential of medical marijuana and specific cannabinoids is signif-
icant, robust clinical evidence is still needed for many conditions. High-quality RCTs with
standardized products, appropriate dosing, and long-term follow-up are essential to guide
clinical practice and regulatory decisions.
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Chapter 8

Safety, Adverse Effects & Regulation

While medical cannabis and cannabinoid-based medicines offer therapeutic potential, their
use is associated with potential adverse effects and safety concerns. Furthermore, the legal
landscape surrounding cannabis remains complex and highly variable across jurisdictions,
impacting research, access, and product quality. A thorough understanding of both safety
profiles and regulatory frameworks is essential for patients, clinicians, researchers, and poli-
cymakers.

8.1 Adverse Events Profile

The adverse effects of cannabis depend largely on the specific product (THC:CBD ratio,
other constituents), dose, route of administration, frequency of use, and individual factors
(e.g., age, genetics, underlying medical conditions, concurrent medication use).

• Acute Effects (Commonly associated with THC):

– Central Nervous System: Dizziness, drowsiness/fatigue, disorientation, confusion,
impaired short-term memory and attention, altered judgment, impaired motor co-
ordination (increasing risk of accidents, especially driving), anxiety, panic attacks,
paranoia, dysphoria, hallucinations (rare, usually with high doses).

– Cardiovascular: Tachycardia (increased heart rate), postural hypotension (dizzi-
ness upon standing), potential risk in patients with pre-existing cardiovascular
disease.

– Other: Dry mouth, dry eyes, increased appetite ("munchies").

These acute effects are generally dose-dependent and transient. CBD may mitigate
some of the acute psychoactive effects of THC, such as anxiety and cognitive impair-
ment.

• Adverse Effects Primarily Associated with CBD: While generally considered
well-tolerated and non-intoxicating, CBD is not without potential side effects, partic-
ularly at higher doses used therapeutically (e.g., for epilepsy):
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– Somnolence/sedation

– Decreased appetite

– Diarrhea and other gastrointestinal disturbances

– Elevated liver transaminases (liver enzymes) - requiring monitoring, especially in
patients taking other medications affecting the liver (e.g., valproate).

– Potential drug-drug interactions: CBD is metabolized by and can inhibit cy-
tochrome P450 enzymes (CYP3A4, CYP2C19). This can alter the blood levels
of other medications metabolized by these enzymes (e.g., certain anticonvulsants
like clobazam, warfarin, some antidepressants), requiring careful management and
dose adjustments.

(Information based on Epidiolex prescribing information and clinical trial data).

• Long-Term Risks:

– Dependence and Addiction: Chronic, heavy cannabis use (particularly high-THC
products) can lead to Cannabis Use Disorder (CUD), characterized by tolerance,
withdrawal symptoms upon cessation (irritability, sleep disturbances, anxiety),
and compulsive use despite negative consequences.

– Cognitive Effects: Concerns exist regarding potential long-term effects of heavy,
early-onset cannabis use on cognitive functions like memory, attention, and exec-
utive function, although the extent and persistence of these effects are debated.

– Mental Health: Cannabis use, especially high-THC products started in adoles-
cence, is associated with an increased risk of developing or exacerbating psychotic
disorders like schizophrenia in susceptible individuals. It can also worsen symp-
toms of anxiety and depression in some users.

– Respiratory Issues: Smoking cannabis chronically is associated with symptoms of
chronic bronchitis (cough, phlegm production, wheezing). While the link to lung
cancer is less clear than with tobacco smoking (confounded by frequent co-use),
combustion products are inherently harmful. Vaporization may reduce exposure
to combustion byproducts but is not risk-free.

– Cannabinoid Hyperemesis Syndrome (CHS): A paradoxical condition character-
ized by recurrent, severe nausea, vomiting, and abdominal pain in chronic, heavy
cannabis users, often relieved temporarily by hot showers or baths.

• Risk-Benefit Considerations: For medical use, the potential therapeutic benefits
must be weighed against these potential risks on a case-by-case basis. Factors like the
severity of the condition being treated, the availability of alternative treatments, the
specific cannabinoid profile and dose, and the patient’s individual risk factors must be
considered. Patient education and ongoing monitoring are crucial. The Whiting et al.
meta-analysis (DOI: 10.1001/jama.2015.6358) noted an increased risk of short-term
adverse events (e.g., dizziness, dry mouth, nausea, fatigue) associated with cannabinoid
use compared to placebo across various indications.
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8.2 Legal Landscape

The legal status of Cannabis sativa is multifaceted and often contradictory, differing signifi-
cantly based on the plant’s THC content (hemp vs. marijuana) and the specific jurisdiction.

• International Treaties: Cannabis (specifically referring to the flowering or fruiting
tops, and resin) is listed under Schedule I and Schedule IV of the 1961 UN Single
Convention on Narcotic Drugs, signifying high potential for abuse and limited medical
value (though the WHO recently recommended rescheduling cannabis and resin out of
Schedule IV, acknowledging medical uses). THC is listed under the 1971 Convention on
Psychotropic Substances. These treaties require signatory nations to implement strict
controls over cannabis cultivation, production, and distribution. CBD is generally not
subject to international control.

• National Policies: Despite international treaties, national laws vary immensely:

– Prohibition: Many countries maintain strict prohibition on all forms of cannabis,
including medical use.

– Medical Legalization: A growing number of countries and US states have legalized
cannabis for specific medical conditions, often requiring physician authorization
and implementing regulated access programs (dispensaries). Regulations regard-
ing qualifying conditions, product types, and possession limits differ widely.

– Decriminalization: Some jurisdictions have reduced penalties for possession of
small amounts of cannabis for personal use, treating it as a minor infraction
rather than a criminal offense.

– Recreational Legalization: A smaller but increasing number of jurisdictions (e.g.,
Canada, Uruguay, several US states) have legalized cannabis for adult recreational
use, implementing regulatory frameworks for production, sale, and taxation.

• Hemp vs. Marijuana Regulatory Distinction: The key legal differentiator is
often THC content.

– Industrial Hemp: Defined by its low THC concentration (e.g., <0.3% THC in
the US via the 2018 Farm Bill, <0.2% in much of Europe), hemp cultivation
and processing are increasingly legal in many parts of the world, primarily for
fiber, seed, and CBD extraction. However, regulations regarding hemp-derived
products, especially CBD extracts intended for consumption, remain complex and
evolving. In the US, the FDA maintains regulatory authority over CBD products
marketed with therapeutic claims or added to food, generally requiring products
to go through established drug approval pathways or food additive regulations,
which most current CBD products have not done.

– Marijuana: Cannabis exceeding the legal THC threshold for hemp remains clas-
sified as a controlled substance under federal law in the US and in many other
countries, even where medical or recreational use is permitted at the state/local
level. This federal/state conflict creates significant challenges for research, bank-
ing, and interstate commerce in the US cannabis industry.
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• Regulatory Challenges: The rapidly evolving legal landscape creates numerous chal-
lenges, including:

– Lack of product standardization and quality control in less regulated markets.

– Inconsistent labeling regarding cannabinoid content and potential contaminants
(pesticides, heavy metals, microbes).

– Need for clear regulations governing CBD products to ensure consumer safety and
accurate marketing.

– Barriers to rigorous clinical research due to cannabis’s status as a controlled sub-
stance in many jurisdictions.

– Harmonization of international and national regulations.

Navigating the complex interplay between scientific evidence, patient needs, public health
concerns, and evolving legal frameworks is a central challenge for the future of cannabis.



Part IV

Emerging Phytocannabinoids (THCP &
CBDP)
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Beyond the well-studied cannabinoids THC and CBD, the Cannabis plant synthesizes a
vast array of structurally related compounds, often present in much lower concentrations.
Advances in analytical chemistry and renewed interest in cannabis phytochemistry have
led to the identification and characterization of novel cannabinoids with potentially unique
pharmacological properties. This part focuses on two recently discovered examples: ∆9-
tetrahydrocannabiphorol (THCP) and cannabidiphorol (CBDP), which possess longer alkyl
side chains compared to their common analogues, THC and CBD.
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Chapter 9

∆9-Tetrahydrocannabiphorol (THCP)

∆9-Tetrahydrocannabiphorol (∆9-THCP, sometimes referred to as trans-∆9-THCP) repre-
sents a significant discovery in cannabinoid science. It is a structural analogue of ∆9-THC,
the primary psychoactive component of cannabis, but differs in the length of its alkyl side
chain. While THC possesses a pentyl (5-carbon) chain, THCP features a heptyl (7-carbon)
chain. This seemingly minor structural modification has profound implications for its inter-
action with the endocannabinoid system, particularly the CB1 receptor.

9.1 Discovery & Isolation

THCP was first identified as a naturally occurring phytocannabinoid in 2019 by an Italian
research group led by Citti and colleagues. They isolated and characterized THCP from
a medicinal cannabis variety, known as FM2, which was provided by the Military Chem-
ical Pharmaceutical Institute in Florence, Italy. The identification involved sophisticated
analytical techniques, primarily liquid chromatography coupled with high-resolution mass
spectrometry (LC-HRMS), which allowed for the detection and structural elucidation of this
novel compound present in relatively low amounts alongside the much more abundant THC.
The researchers confirmed the structure through comparison with a synthesized standard
of THCP (Citti et al., Sci Rep, 2019, DOI: 10.1038/s41598-019-56785-1). Its discovery
highlighted that the cannabinoid profile of cannabis might be more complex than previously
assumed, with potential contributions from such trace compounds.

9.2 Quantitative Content

Following its initial discovery, efforts were made to quantify the typical concentrations
of THCP in different cannabis chemotypes. THCP appears to be present primarily in
THC-dominant (Chemotype I) varieties, consistent with the hypothesis that THC synthase
(THCAS) acts on a heptyl precursor (cannabigerophorolic acid, CBGPA) in parallel to its
action on the pentyl precursor (CBGA).

Quantitative analysis using validated methods like high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) has been performed on various cannabis sam-
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ples. Studies indicate that the concentration of THCP in THC-dominant plant material is
generally low. For instance, one study analyzing seized cannabis samples reported THCP
concentrations ranging from 0.0023% to 0.0136% by weight (w/w) (approximately 23 to
136 micrograms per gram). This is significantly lower than typical THC concentrations,
which often range from 5% to over 20% (w/w) in high-potency marijuana. The acidic form,
THCPA, is likely the primary form present in the plant material, analogous to THCA (Citti
et al., J Nat Prod, 2020, DOI: 10.1021/acs.jnatprod.0c01034).

Despite its low natural abundance, the high potency of THCP (discussed below) suggests
that even these trace amounts could potentially contribute to the overall pharmacological
effects of certain cannabis varieties. Furthermore, the potential for synthetic production or
selective breeding raises questions about its future prevalence in consumer products.

9.3 Pharmacology

The key finding accompanying the discovery of THCP was its remarkably high binding affin-
ity for the primary cannabinoid receptors, particularly CB1. Structure-activity relationship
studies have previously shown that increasing the length of the alkyl side chain of cannabi-
noids up to a certain point (typically 7-8 carbons) enhances binding affinity and potency.

• Receptor Binding Affinity: The initial study by Citti et al. (2019) reported the
binding affinity of synthetic THCP for human CB1 and CB2 receptors using radioligand
binding assays. They found that THCP binds to the CB1 receptor with an equilibrium
dissociation constant (Ki) of 1.2 nM. This indicates significantly higher affinity com-
pared to ∆9-THC, for which the reported Ki in the same study was 40 nM. Therefore,
THCP binds approximately 33 times more strongly to the CB1 receptor than THC
does. Its affinity for the CB2 receptor was also higher than THC’s (Ki = 6.2 nM for
THCP vs. 36 nM for THC).

• In Vivo Activity (Mouse Tetrad): To assess whether this increased binding affinity
translates to higher in vivo potency, the researchers performed the cannabinoid tetrad
test in mice. This standard test measures four characteristic effects of CB1 activation:
hypomotility (reduced spontaneous movement), catalepsy (immobility), analgesia (re-
duced pain sensitivity, measured by tail flick or hot plate test), and hypothermia (re-
duced body temperature). The study found that THCP induced all four effects in mice
at doses significantly lower than those required for THC. For example, THCP induced
hypomotility at approximately half the dose of THC (circa 5 mg/kg for THCP vs. 10
mg/kg for THC). The authors concluded that THCP exhibits cannabimimetic activity
similar to THC but with higher potency in vivo (Citti et al., Sci Rep, 2019, DOI:
10.1038/s41598-019-56785-1).

These pharmacological findings suggest that THCP could be significantly more potent
than THC in producing typical cannabis-like effects, both therapeutic and potentially adverse
(e.g., psychoactivity, cognitive impairment). Its presence, even in small amounts, could
potentially modulate the effects of cannabis strains previously attributed solely to THC. The
discovery necessitates further research into its full pharmacological profile, pharmacokinetics,
potential therapeutic uses, and contribution to the overall effects of cannabis consumption.



Chapter 10

Cannabidiphorol (CBDP)

Concurrent with the discovery of THCP, the same research group identified its non-psychoactive
counterpart, Cannabidiphorol (CBDP). CBDP is the structural analogue of Cannabidiol
(CBD), featuring the same extended heptyl (7-carbon) alkyl side chain instead of the typical
pentyl (5-carbon) chain found in CBD. Just as THCP’s longer chain dramatically increases
its affinity for CB1 receptors compared to THC, the question arises whether CBDP’s struc-
ture confers unique pharmacological properties compared to CBD. However, research into
CBDP is significantly less advanced than for THCP or the major cannabinoids.

10.1 Chemical Characterization

CBDP shares the core resorcinol and p-menthane structure of CBD but possesses a linear
C7 alkyl group attached to the resorcinol ring. Its full chemical name is Cannabidiol-C7.

• Structural Homology: It belongs to the phorol series of cannabinoids, characterized
by the heptyl side chain. Its structure is otherwise identical to CBD. Like CBD, it
possesses two chiral centers, leading to potential stereoisomers, although the naturally
occurring form is typically specified.

• Natural Occurrence: CBDP was first identified alongside THCP in the Italian
medicinal cannabis variety FM2 by Citti et al. (2019, DOI: 10.1038/s41598-019-56785-1).
Similar to THCP, it was found in much lower concentrations than its pentyl analogue,
CBD. Quantitative analyses suggest its levels are generally very low, often detected in
CBD-dominant (Chemotype III) varieties, consistent with the hypothesis that CBDA
synthase acts on the heptyl precursor CBGPA.

• Synthesis: Like THCP, CBDP can be synthesized chemically, typically starting from
precursors like resorcinol with a heptyl chain and an appropriate terpene moiety (like
p-mentha-2,8-dien-1-ol). Synthesis allows for the production of larger quantities for
pharmacological testing than are readily available from plant extraction.

55



56 CHAPTER 10. CANNABIDIPHOROL (CBDP)

10.2 Receptor-Binding Functional Assays

Unlike THCP, which showed dramatically increased CB1 binding, the initial research on
CBDP did not find significant binding affinity for either the CB1 or CB2 receptors, sim-
ilar to CBD’s low affinity for these primary cannabinoid targets (Citti et al., 2019, DOI:
10.1038/s41598-019-56785-1). This suggested that CBDP, like CBD, likely exerts its bio-
logical effects, if any, through mechanisms other than direct orthosteric binding to CB1/CB2

receptors.
Subsequent in vitro research has begun to explore CBDP’s interactions with other po-

tential targets known to be modulated by CBD:

• Cannabinoid Receptor Modulation: While direct binding is weak, the possibility
of allosteric modulation (similar to CBD at CB1) remains an area for investigation.
Some recent studies explored interactions with CB2 receptors. For instance, a 2024
study by Zagzoog et al. investigated various minor cannabinoids, including CBDP.
Their findings suggested that CBDP might act as a CB2 receptor antagonist or
inverse agonist, showing functional antagonism in GTPγS binding assays with a Ki

value around 1.5 µ. This contrasts with CBD which can show complex interactions but
is not typically classified as a potent CB2 antagonist (Zagzoog et al., Int J Mol Sci,
2024, DOI: 10.3390/ijms25147724).

• Serotonin Receptors (5-HT1A): CBD is known to be an agonist at 5-HT1A recep-
tors, contributing to its anxiolytic potential. The Zagzoog et al. (2024) study also
examined CBDP at this receptor, finding it acted as a 5-HT1A partial agonist, sim-
ilar to CBD, but potentially with slightly different efficacy or potency characteristics,
although direct comparative values in the same assay were not fully detailed for CBDP
vs CBD efficacy in the abstract/available text. Ki value reported was approximately
2.3 µ (DOI: 10.3390/ijms25147724).

• Opioid Receptors (MOR): CBD acts as a positive allosteric modulator (PAM)
at mu-opioid receptors (MOR). The same 2024 study found that CBDP also acted
as a MOR PAM, increasing the binding of the agonist DAMGO. Its potency as
a PAM appeared comparable to or slightly greater than CBD in their assays (DOI:
10.3390/ijms25147724). This suggests potential roles in pain modulation or interac-
tion with opioid signaling.

• Other Targets: Investigations into CBDP’s effects on other targets modulated by
CBD (e.g., TRPV1, GPR55, PPARs, adenosine signaling) are still largely lacking.
Further research is needed to comprehensively map its pharmacological profile.

The available in vitro data suggest CBDP shares some mechanisms with CBD (5-HT1A

agonism, MOR PAM activity) but may differ in others (potential CB2 antagonism). The
functional consequences of these interactions in vivo remain unknown.
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10.3 Knowledge Gaps & Safety

Despite the initial characterization and some recent in vitro pharmacological data, significant
knowledge gaps exist regarding CBDP:

• Lack of In Vivo Data: Crucially, there is a near-complete absence of published
in vivo studies in animals or humans investigating the pharmacokinetics (absorption,
distribution, metabolism, excretion) or pharmacodynamics (physiological effects, ther-
apeutic potential, toxicity) of CBDP. We do not know if it is absorbed, how it is
metabolized, or what effects it has in a living organism at relevant doses.

• Therapeutic Potential Unknown: While its structural similarity to CBD and
shared in vitro targets (e.g., 5-HT1A, MOR) hint at potential therapeutic applications
similar to CBD (e.g., anxiety, pain, inflammation), this remains purely speculative
without supporting in vivo evidence.

• Safety Profile Undetermined: The safety and tolerability of CBDP have not been
assessed. Potential side effects, drug interactions, and long-term consequences of ex-
posure are unknown.

• Regulatory Implications: As a naturally occurring cannabinoid present in trace
amounts, its legal status might initially follow that of the source plant (hemp vs.
marijuana). However, the emergence of synthetic CBDP or products intentionally
enriched with it raises regulatory questions, especially given the lack of safety data.
It could potentially appear in unregulated or mislabeled products, marketed alongside
CBD or as part of "full-spectrum" extracts without consumers being aware of its
presence or effects. The lack of data makes it difficult for regulators to assess potential
risks or benefits, potentially placing it in a grey area similar to other novel cannabinoids
entering the market ("legal highs").

In summary, while CBDP is a fascinating structural analogue of CBD, our understand-
ing of its biological relevance is currently very limited. Extensive preclinical (in vivo) and
eventually clinical research is required before any conclusions can be drawn about its safety,
efficacy, or role in the effects of cannabis.
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Part V

Advanced Hemp-Derived Materials
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Beyond the traditional uses of hemp fibers and seeds, scientific innovation is exploring the
potential of hemp biomass as a precursor for advanced materials with novel properties and
applications. This part delves into two cutting-edge areas: the synthesis and application of
hemp-derived carbon nanosheets for energy storage, and the conceptual development of high-
performance, sustainable organic composites derived entirely from hemp components. These
developments showcase hemp’s potential contribution to materials science and sustainable
technology.
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Chapter 11

HDCNS-Composites (Hemp-Derived
Carbon Nanosheets)

Carbon materials derived from biomass precursors have attracted significant interest due
to their potential sustainability, low cost, and unique structural properties. Hemp bast
fibers, rich in cellulose, serve as an excellent precursor for creating high-performance carbon
materials. One notable example is the development of Hemp-Derived Carbon Nanosheets
(HDCNS), which exhibit properties suitable for applications in energy storage, particularly
supercapacitors.

11.1 Synthesis & Characterization

The synthesis of HDCNS typically involves a hydrothermal process followed by chemical
activation and carbonization of hemp bast fibers.

• Precursor Preparation: Raw hemp bast fibers are cleaned and sometimes pre-
treated (e.g., pulping) to isolate cellulosic fibers.

• Hydrothermal Treatment: The fibers are subjected to hydrothermal treatment
(heating in water under pressure), which can help break down the complex structure
and begin the transformation process.

• Chemical Activation: A key step involves impregnating the hydrothermally treated
fibers with an activating agent, commonly potassium hydroxide (KOH). This agent
plays a crucial role during the subsequent high-temperature carbonization step.

• Carbonization/Activation: The KOH-impregnated material is heated to high tem-
peratures (e.g., 700 ◦C to 900 ◦C) under an inert atmosphere (like nitrogen or argon).
During this process, the cellulosic structure pyrolyzes into carbon. Simultaneously,
the KOH acts as an activating agent, reacting with the carbon to create extensive
porosity and etching the material into a unique morphology. The KOH intercalates
between graphitic layers and, upon reaction and washing, leaves behind a highly porous
structure.
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• Resulting Structure: This process transforms the hemp fiber precursor into a net-
work of interconnected, few-layer graphitic carbon nanosheets. Characterization us-
ing techniques like Scanning Electron Microscopy (SEM), Transmission Electron Mi-
croscopy (TEM), X-ray Diffraction (XRD), Raman spectroscopy, and Brunauer–Emmett–Teller
(BET) analysis reveals a unique structure. The material consists of thin (nanome-
ter scale) sheets of carbon with graphitic domains, interconnected to form a three-
dimensional porous network.

• High Surface Area: A critical feature resulting from the KOH activation is an
exceptionally high specific surface area (SSA). Studies have reported SSA values for
hemp-derived carbon nanosheets reaching up to, and sometimes exceeding, 2000m2 g−1.
For example, Wang et al. (2013) reported synthesizing carbon nanosheets from hemp
bast fiber with an SSA as high as 2287m2 g−1 (Wang et al., ACS Nano, 2013, DOI:
10.1021/nn400731g). This high surface area is crucial for applications involving sur-
face interactions, such as adsorption and electrochemical energy storage.

The term "HDCNS-Composites" in this context might refer to the HDCNS material itself
(as a composite structure of interconnected nanosheets) or potentially to composites made
by incorporating these nanosheets into other matrices, although the primary focus of the
cited research is on the performance of the HDCNS material as an electrode.

11.2 Electrochemical & Mechanical Properties

The unique structural features of HDCNS—high surface area, hierarchical porosity (microp-
ores and mesopores), interconnected graphitic network—translate into promising properties,
particularly for electrochemical energy storage.

• Supercapacitor Performance: The primary application explored for HDCNS is
as electrode material for electrochemical double-layer capacitors (EDLCs), commonly
known as supercapacitors. Supercapacitors store energy by accumulating ions from an
electrolyte at the electrode surface (non-faradaic mechanism).

– High Specific Capacitance: The extremely high surface area of HDCNS provides
abundant sites for ion adsorption, leading to high specific capacitance (measured
in Farads per gram, F/g). The study by Wang et al. (DOI: 10.1021/nn400731g)
demonstrated specific capacitance values exceeding 300F g−1 in aqueous elec-
trolytes and significant capacitance in organic electrolytes and ionic liquids, even
at high charge/discharge rates.

– Excellent Rate Capability: The interconnected nanosheet structure and hierar-
chical porosity facilitate rapid ion transport throughout the electrode material,
allowing the supercapacitor to be charged and discharged quickly while maintain-
ing high capacitance (good power density).

– Superior Energy Density: Compared to conventional activated carbons, the op-
timized structure of HDCNS allowed for impressive energy densities (amount of
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energy stored per unit mass or volume), reportedly competitive with or even ex-
ceeding those of graphene-based materials at the time of publication, particularly
when tested in ionic liquid electrolytes operating at higher voltages.

– Long Cycle Life: EDLCs are known for their excellent cycle stability, and HDCNS-
based electrodes typically exhibit good durability over thousands of charge-discharge
cycles.

• Conductivity and Porosity Metrics: The performance relies on the interplay
between electrical conductivity (provided by the graphitic carbon network) and ion-
accessible porosity. Characterization typically includes measuring sheet resistance/conductivity
and detailed pore size distribution analysis (using methods like nitrogen adsorption/desorption
isotherms) to correlate structure with electrochemical performance.

• Potential Mechanical Properties (in Composites): While the primary focus
has been electrochemical, incorporating HDCNS into polymer or other matrices could
potentially enhance the mechanical properties (strength, stiffness) and electrical con-
ductivity of the resulting composite material, similar to other carbon nanomaterials
like graphene or carbon nanotubes. However, research specifically on the mechanical
properties of HDCNS-polymer composites is less developed compared to the energy
storage applications.

The successful synthesis of high-performance carbon nanosheets from hemp waste (bast
fibers) highlights a promising route for converting agricultural byproducts into value-added
advanced materials for sustainable energy technologies. It demonstrates that low-cost biomass
can be engineered to create materials competitive with those derived from more expensive
or synthetic precursors.
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Chapter 12

Organic Hemp Diamond Composites

Building upon the versatility of hemp and the advanced materials derived from it, such as
Hemp-Derived Carbon Nanosheets (HDCNS), this chapter explores a conceptual framework
for a novel class of materials: Organic Hemp Diamond Composites (OHDC). This concept
envisions the synergistic integration of multiple hemp-derived components—specifically HD-
CNS, hemp seed oil, and potentially lignin—to create advanced, sustainable, and potentially
high-performance biodegradable materials. The name "Organic Hemp Diamond" evokes the
combination of organic hemp origins with potential high strength and unique properties,
possibly leveraging the carbon structure of HDCNS.

12.1 Conceptual Framework: The "Triforce" Integration

The core idea behind OHDC revolves around combining three key functional elements derived
entirely or primarily from the hemp plant, referred to informally here as the "Triforce"
concept:

1. Structural Reinforcement (HDCNS): Utilizing the Hemp-Derived Carbon Nanosheets
discussed in Chapter 11. These nanosheets, with their high surface area, potential
for good mechanical properties (inherent strength of graphitic carbon), and electri-
cal conductivity, would serve as the reinforcing phase within the composite, providing
structural integrity and potentially multifunctional capabilities (e.g., embedded con-
ductivity, sensing).

2. Organic Matrix/Binder (Hemp Seed Oil): Employing hemp seed oil, potentially
modified or polymerized, as the primary matrix or binder phase. Hemp seed oil is rich
in unsaturated fatty acids which can undergo polymerization or cross-linking reactions
(drying oil principle, similar to linseed oil) when exposed to heat, catalysts, or oxygen,
potentially forming a solid or semi-solid biopolymer matrix.

3. Curing/Cross-linking Agent (Lignin/Other Bio-resins): Incorporating lignin,
a complex natural polymer abundant in hemp hurd (and other plant biomass), or other
bio-based resins/curing agents derived from hemp or other plants. Lignin can act as a
natural adhesive and potentially participate in cross-linking reactions with the oil or
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other components under heat and pressure, contributing to the composite’s rigidity,
durability, and thermal stability. Using hemp-derived lignin would further enhance the
material’s bio-based content.

The integration of these three components aims to create a composite material where the
HDCNS network is embedded within a cured matrix derived from hemp oil and potentially
enhanced by lignin, resulting in a fully bio-based material system.

12.2 Projected Properties and Characteristics

Based on the properties of the constituent components and the synergistic potential of their
combination, OHDCs are envisioned to possess several desirable characteristics:

• High Bio-Based Content & Biodegradability: By relying exclusively on hemp-
derived components (HDCNS from fiber, oil from seed, lignin from hurd/stalk), the
resulting composite would be entirely bio-based and renewable. Furthermore, the or-
ganic nature of the matrix (cured oil, lignin) and the carbon reinforcement suggest the
material could be designed for controlled biodegradability under specific environmen-
tal conditions (e.g., composting), offering an end-of-life advantage over conventional
synthetic composites.

• Carbon Negativity: Leveraging hemp’s significant CO2 sequestration during growth
(Chapter 5), using durable OHDC products would effectively lock carbon into the
material for its lifespan. If the energy required for processing (nanosheet synthesis,
curing) is minimized or derived from renewable sources, the overall life cycle could
potentially be carbon-negative.

• Potential for Translucency: The outline mentions translucency as a target prop-
erty. Achieving true translucency in a composite containing carbon nanosheets would
be challenging, as carbon materials are typically opaque and black. However, depend-
ing on the loading level and dispersion of HDCNS, and the refractive index matching
of the cured hemp oil/lignin matrix, it might be possible to achieve some level of op-
tical translucency or specific aesthetic effects, perhaps more akin to dark or colored
glass/polymers than transparent materials. Alternatively, this might refer to the po-
tential clarity of the matrix itself before reinforcement. Further research would be
needed to explore the optical possibilities.

• Tailorable Mechanical and Functional Properties: By adjusting the ratio of
HDCNS, oil, and lignin, as well as controlling the curing process and HDCNS align-
ment, it might be possible to tailor the mechanical properties (e.g., strength, stiffness,
toughness) and functional properties (e.g., electrical conductivity, thermal resistance)
of the composite for specific applications.
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12.3 Potential Applications

The unique combination of projected properties—sustainability, biodegradability, potential
carbon negativity, and tailorable performance—makes OHDC an intriguing concept for var-
ious applications where conventional materials pose environmental challenges:

• Sustainable Construction Materials: As alternatives to conventional plastics,
wood composites, or even concrete elements in certain non-load-bearing applications.
Potential uses include interior panels, decorative elements, insulation components, or
formwork, benefiting from lower embodied energy and end-of-life options.

• Aerospace and Automotive Panels: Lightweighting is critical in transportation. If
sufficient strength-to-weight ratios can be achieved, OHDCs could offer a bio-based al-
ternative for interior panels, trim components, or fairings, reducing reliance on petroleum-
based plastics and composites.

• Sustainable 3D-Printed Components: Developing OHDC formulations suitable
for additive manufacturing (3D printing) could enable the creation of complex, cus-
tomized, bio-based, and potentially biodegradable objects on demand for prototyping,
tooling, or specialized parts.

• Consumer Goods: Casings for electronics, furniture components, or sporting goods
where sustainability and unique aesthetics are valued.

It is important to reiterate that "Organic Hemp Diamond Composites" likely represent
a conceptual or early-stage research direction. Significant research and development would
be required to overcome challenges related to optimizing component compatibility, achieving
consistent dispersion of HDCNS, controlling the curing process of hemp oil/lignin systems,
and validating the mechanical, optical, and degradation properties of the resulting materials.
Nonetheless, the concept exemplifies the forward-thinking potential of leveraging the entire
hemp plant for advanced, sustainable material solutions.
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Part VI

Future Perspectives
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As scientific understanding of cannabis deepens and its societal acceptance evolves, the
future trajectory of both industrial hemp and medical/recreational marijuana presents com-
plex challenges and immense opportunities. This final part looks ahead, considering the
intertwined paths of policy reform, market expansion, social impacts, and speculative tech-
nological applications, including the potential role of hemp beyond Earth.
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Chapter 13

Policy, Markets & Social Impact

The future development and impact of cannabis and hemp are inextricably linked to evolving
legal frameworks, economic forces, and societal values. Harmonizing regulations, fostering
sustainable market growth, and addressing the social consequences of historical prohibition
and future expansion are critical ongoing tasks.

13.1 Policy Evolution and Global Harmonization

The global policy landscape for cannabis remains fragmented (as discussed in Chapter 8.2)
but is trending towards liberalization, particularly for medical cannabis and industrial hemp.
Key future policy considerations include:

• Continued Legalization Trend: More jurisdictions are expected to legalize cannabis
for medical use, and potentially for adult recreational use, driven by public opinion,
potential tax revenues, and increasing recognition of therapeutic applications.

• Regulatory Refinement: As markets mature, regulations governing cultivation, pro-
cessing, testing, labeling, and distribution will become more sophisticated. Focus will
likely increase on product safety, quality control, consumer protection, and preventing
youth access.

• Hemp Regulation Clarification: Significant uncertainty remains regarding the reg-
ulation of hemp-derived cannabinoids, particularly CBD, in food, supplements, and
cosmetics in major markets like the US and EU. Clearer federal/international guidelines
are needed to stabilize the market and ensure consumer safety. Defining permissible
extraction methods and setting contaminant limits are key issues.

• International Harmonization Challenges: Differing national THC thresholds for
hemp (e.g., 0.2% vs 0.3% vs 1.0%), varying medical cannabis programs, and conflicting
stances on recreational use create barriers to international trade and research collabo-
ration. Efforts towards greater harmonization, perhaps through updated international
treaties or regional agreements, may occur but face significant political hurdles.
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• Global Organic and Sustainable Standards: As hemp production scales up, en-
suring sustainable and ethical practices becomes paramount. While standard organic
certifications (e.g., USDA Organic, EU Organic) can apply to hemp, interest is growing
in holistic frameworks that encompass environmental stewardship, fair labor practices,
and community benefit. Concepts like a "Universal Declaration of Organic Rights"
(UDOR), while potentially representing a broader philosophical movement for organic
agriculture and food systems rather than a specific current standard, reflect the as-
piration for globally recognized principles ensuring that the expansion of hemp and
cannabis economies aligns with ecological health and social equity. Establishing and
enforcing robust, internationally recognized standards for organic and sustainable hemp
cultivation and processing will be crucial for long-term industry viability and consumer
trust.

13.2 Market Trends and Economic Forecasts

The global market for cannabis (medical and recreational) and hemp products is experiencing
rapid growth, although forecasts vary widely depending on the pace of legalization and
market development.

• Medical Cannabis Market: Expected to continue strong growth, driven by in-
creasing patient access, ongoing clinical research validating therapeutic uses, and the
development of new cannabinoid-based pharmaceuticals. Market expansion depends
heavily on further legalization and broader acceptance within the medical community.

• Recreational Cannabis Market: Represents the largest potential market value,
contingent on legalization in more jurisdictions. Growth is driven by consumer demand,
product innovation (e.g., edibles, beverages, concentrates), and the shift from illicit to
legal markets. Challenges include high taxation, regulatory burdens, and competition
from the persistent illicit market.

• Industrial Hemp Market: Shows significant potential across multiple sectors:

– CBD and Minor Cannabinoids: Remains a major driver, though market stabiliza-
tion requires regulatory clarity. Interest is shifting towards other minor cannabi-
noids (CBG, CBN, potentially THCP/CBDP if researched and regulated) for
wellness products.

– Fiber and Materials: Growing demand for sustainable materials in textiles, con-
struction (hempcrete), biocomposites (automotive, consumer goods), and packag-
ing creates significant long-term potential for hemp fiber and hurd. Infrastructure
development for processing remains a bottleneck.

– Food and Feed: Hemp seeds, oil, and protein are established niche products with
growth potential in the health food and plant-based protein markets. Regulatory
approval for hemp seed meal in animal feed could open substantial new demand.
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• Investment and Consolidation: Both the cannabis and hemp industries are attract-
ing significant investment, leading to rapid innovation but also market consolidation as
larger players emerge. Cross-industry partnerships (e.g., pharmaceuticals, consumer
packaged goods, agriculture) are likely to increase.

Reliable long-term market forecasts are challenging due to regulatory volatility, but most
analysts project continued multi-billion dollar global growth across both hemp and cannabis
sectors throughout the next decade.

13.3 Social Impact and Ethical Considerations

The expansion of legal cannabis and hemp industries carries significant social implications
that require careful management:

• Social Equity: Legalization efforts increasingly include provisions aimed at address-
ing the disproportionate impact of past cannabis prohibition on minority communities.
Measures include expunging past cannabis offenses, promoting diversity in industry
ownership and employment, and reinvesting tax revenues in affected communities. En-
suring equitable participation remains a major challenge.

• Public Health: Balancing market growth with public health requires effective strate-
gies for responsible use education, prevention of youth access and use, treatment for
Cannabis Use Disorder, and monitoring of impaired driving. Accurate product labeling
and dosage guidance are critical.

• Environmental Sustainability: While hemp offers environmental benefits (Chapter
5), large-scale cannabis cultivation (especially indoor) can be resource-intensive (en-
ergy, water). Sustainable cultivation practices, energy efficiency, water management,
and waste reduction are crucial for both industries. Promoting organic and regenera-
tive farming aligns with broader sustainability goals.

• Patient Access: Ensuring affordable and consistent access to medical cannabis for
patients with qualifying conditions is a key ethical consideration. Barriers include
cost, lack of insurance coverage, geographical availability of dispensaries, and physician
willingness to authorize use.

• Research Freedom: Reducing regulatory barriers to conduct high-quality research
on both the therapeutic potential and potential harms of cannabis and its constituents
is essential for evidence-based policy and clinical practice.

Navigating these policy, market, and social dimensions requires a multi-stakeholder ap-
proach involving governments, industry, researchers, healthcare providers, and the public to
maximize the benefits and mitigate the risks associated with the evolving role of cannabis
in society.
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Chapter 14

Space & Next-Gen Hemp Economies

Looking further into the future, the unique properties and versatility of Cannabis sativa,
particularly industrial hemp, intersect with speculative but increasingly relevant concepts
surrounding long-duration space missions and the establishment of extraterrestrial habitats.
Hemp’s potential to provide food, fiber, building materials, and contribute to life support
systems from a single, adaptable plant resource makes it a compelling candidate for in-situ
resource utilization (ISRU) beyond Earth.

14.1 Extraterritorial Cultivation: Hemp on Mars?

Establishing sustainable human presence on the Moon or Mars will require minimizing re-
liance on Earth-based supply chains by producing essential resources locally. Plants will
be critical components of bioregenerative life support systems, providing food, oxygen, and
potentially raw materials.

• Why Hemp? Industrial hemp offers several theoretical advantages for extraterrestrial
cultivation:

– Versatility: Provides food (seeds), fiber (materials), and potentially oil, all from
one crop.

– Rapid Growth and Biomass Production: Efficiently converts resources into usable
biomass under controlled conditions.

– Adaptability: While requiring controlled environments (habitats), hemp cultivars
can be selected or bred for specific traits suitable for closed-loop systems. Low-
THC varieties avoid complications related to psychoactive compounds in a high-
stress, confined environment.

– Resource Efficiency: Research into aeroponic or hydroponic systems could opti-
mize water and nutrient use, crucial in resource-limited space habitats. Compared
to other crops, its multi-use nature offers high utility per unit input.

• Challenges: Cultivating hemp off-Earth presents significant hurdles:
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– Controlled Environment Agriculture (CEA): Requires sophisticated habitats pro-
viding optimized light (LEDs mimicking solar spectrum), temperature, humidity,
atmospheric composition (CO2 levels), and nutrient delivery (hydroponics/aeroponics).
Protecting crops from increased radiation levels outside Earth’s atmosphere is
critical.

– Gravity Effects: Reduced gravity (Mars: 38% of Earth’s; Moon: 16%) may
affect plant growth, development, and physiology (e.g., water/nutrient transport,
structural support) in ways not fully understood.

– Resource Constraints: Water, nutrients, and energy for lighting and environmen-
tal control will be premium resources. Efficient recycling within the habitat’s life
support system is essential.

– Processing: Developing compact, efficient, low-energy methods for processing har-
vested hemp (seed de-hulling, oil pressing, fiber decortication) within the habitat
would be necessary to realize its multi-use potential.

• Aeroponic Hemp Gardens: Conceptual designs might involve vertical farms using
aeroponics—growing plants with roots suspended in the air, misted with nutrient solu-
tions. This minimizes water and substrate use and allows precise control over root zone
conditions. Such systems could be integrated into Martian or lunar habitat modules.

While still largely theoretical, research into space agriculture is advancing, and hemp’s profile
makes it a strong candidate for inclusion in future ISRU strategies. Early experiments might
focus on optimizing growth under simulated Martian conditions (e.g., regolith simulants,
atmospheric pressure, light cycles).

14.2 Resource Utilization & Life Support Integration

Beyond food, hemp cultivated in space habitats could contribute directly to mission sustain-
ability:

• Hemp-Based Materials for Habitats: Hemp fibers, processed in-situ, could be used
to create biocomposites for interior structures, panels, furniture, or even potentially
combined with Martian regolith and binders (perhaps derived from hemp itself, like
lignin or polymerized oil, echoing the OHDC concept from Chapter 12) for construction
elements or 3D printing feedstock. This reduces the need to launch heavy construction
materials from Earth.

• Life Support Contributions: Like other plants in a bioregenerative system, hemp
would contribute to:

– Oxygen Production: Via photosynthesis.

– CO2 Removal: Consuming astronaut-respired CO2.

– Water Purification: Through transpiration.
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– Waste Recycling: Potential integration with systems processing human waste to
recover water and nutrients.

• Psychological Benefits: The presence of green, growing plants can provide psycho-
logical well-being benefits for crews on long-duration missions in confined environments.

The concept of a "Next-Generation Hemp Economy" in space envisions a closed-loop system
where hemp, cultivated using local resources (regolith, recycled water/nutrients) and energy
(solar), provides essential sustenance, materials, and life support functions, significantly
increasing mission self-sufficiency and resilience. While seemingly science fiction today, the
fundamental properties of hemp make it a logical target for research aimed at enabling
humanity’s future beyond Earth.
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Appendix A

Glossary of Cannabinoids &
Abbreviations

∆9-THC Delta-9-Tetrahydrocannabinol: The primary psychoactive cannabinoid in Cannabis.

THCA Tetrahydrocannabinolic Acid: The non-psychoactive acidic precursor to THC.

CBD Cannabidiol: A major non-psychoactive cannabinoid with diverse therapeutic poten-
tial.

CBDA Cannabidiolic Acid: The acidic precursor to CBD.

CBG Cannabigerol: A non-psychoactive cannabinoid, often called the "mother cannabi-
noid".

CBGA Cannabigerolic Acid: The acidic precursor to THCA, CBDA, and CBCA.

CBN Cannabinol: A mildly psychoactive degradation product of THC.

CBC Cannabichromene: A non-psychoactive cannabinoid.

CBCA Cannabichromenic Acid: The acidic precursor to CBC.

THCV Tetrahydrocannabivarin: A propyl analogue of THC (3-carbon side chain).

CBDV Cannabidivarin: A propyl analogue of CBD (3-carbon side chain).

THCP ∆9-Tetrahydrocannabiphorol: A heptyl analogue of THC (7-carbon side chain),
highly potent CB1 agonist.

THCPA Tetrahydrocannabiphorolic Acid: The acidic precursor to THCP.

CBDP Cannabidiphorol: A heptyl analogue of CBD (7-carbon side chain).

CBDPA Cannabidiphorolic Acid: The acidic precursor to CBDP.
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ECS Endocannabinoid System: The endogenous system of receptors (CB1, CB2), ligands
(endocannabinoids like anandamide, 2-AG), and enzymes involved in regulating various
physiological processes.

CB1 Cannabinoid Receptor Type 1: Primarily found in the central nervous system.

CB2 Cannabinoid Receptor Type 2: Primarily found in immune cells and peripheral tissues.

LC-MS Liquid Chromatography-Mass Spectrometry: Analytical technique for separating
and identifying compounds.

HPLC High-Performance Liquid Chromatography: A type of liquid chromatography used
for separation, identification, and quantification.

GC-MS Gas Chromatography-Mass Spectrometry: Analytical technique often used for
volatile compounds.

HDCNS Hemp-Derived Carbon Nanosheets: Carbon material synthesized from hemp fibers
for applications like supercapacitors.

OHDC Organic Hemp Diamond Composite: Conceptual sustainable composite material
derived from hemp components (HDCNS, oil, lignin).

ISRU In-Situ Resource Utilization: The practice of collecting, processing, and using mate-
rials found or manufactured on other astronomical objects (e.g., the Moon, Mars).

CEA Controlled Environment Agriculture: Growing plants indoors with controlled condi-
tions (light, temp, humidity, nutrients).

LCA Life-Cycle Assessment: Methodology to evaluate the environmental impacts of a prod-
uct over its entire life cycle.

DOI Digital Object Identifier: A persistent identifier used to uniquely identify electronic
documents.

RCT Randomized Controlled Trial: A type of scientific experiment used to control factors
not under direct experimental control.

OR Odds Ratio: A measure of association between an exposure and an outcome.

CI Confidence Interval: A range of estimates for an unknown parameter.

nM Nanomolar: Unit of concentration (10−9 Molar).

µM Micromolar: Unit of concentration (10−6 Molar).

Ki Equilibrium Inhibition Constant: Measure of binding affinity of an inhibitor.



Appendix B

Analytical Methods & Instrumentation

The accurate characterization and quantification of cannabinoids and other compounds in
cannabis and hemp products are crucial for research, quality control, regulatory compliance,
and consumer safety. A variety of analytical techniques are employed:

• Chromatography: Techniques used to separate complex mixtures into individual
components.

– High-Performance Liquid Chromatography (HPLC): The most common method
for cannabinoid potency testing (quantifying THC, CBD, CBG, etc.). Often
coupled with Ultraviolet (UV) detection (HPLC-UV) or Diode Array Detection
(HPLC-DAD) for quantification based on light absorption. HPLC is preferred
for potency as it can measure cannabinoids in their native acidic forms (THCA,
CBDA) without requiring heat (which would cause decarboxylation). Reverse-
phase columns (e.g., C18) are typically used with mobile phases consisting of
mixtures of water, acetonitrile, and/or methanol, often with acid modifiers like
formic acid.

– Liquid Chromatography-Mass Spectrometry (LC-MS/MS): Couples the separation
power of HPLC with the high sensitivity and selectivity of mass spectrometry (of-
ten tandem MS, MS/MS). Essential for identifying and quantifying trace cannabi-
noids (like THCP, CBDP), detecting pesticide residues, mycotoxins, and other
contaminants at low levels. Enables structural confirmation of compounds. High-
Resolution Mass Spectrometry (HRMS) provides accurate mass measurements for
identifying unknown compounds.

– Gas Chromatography (GC): Separates compounds based on their volatility and
interaction with a stationary phase. Requires analytes to be volatile or made
volatile through derivatization. Standard GC analysis involves high inlet tem-
peratures, which causes decarboxylation of acidic cannabinoids (THCA → THC,
CBDA → CBD). Therefore, GC methods typically measure total potential THC
and CBD after decarboxylation. Often coupled with Flame Ionization Detection
(GC-FID) for general quantification or Mass Spectrometry (GC-MS) for identifi-
cation and quantification, particularly suitable for terpene profiling and residual
solvent analysis.
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– Supercritical Fluid Chromatography (SFC): Uses a supercritical fluid (often CO2)
as the mobile phase. Can offer advantages in speed and resolution for certain
cannabinoid separations, and is compatible with both UV and MS detection.

• Spectroscopy: Techniques used to identify and characterize molecules based on their
interaction with electromagnetic radiation.

– Mass Spectrometry (MS): Measures the mass-to-charge ratio of ions. Used in
conjunction with chromatography (LC-MS, GC-MS) for identification and quan-
tification based on mass fragmentation patterns. Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) is the standard method for detecting heavy metal
contaminants (e.g., lead, arsenic, mercury, cadmium).

– Nuclear Magnetic Resonance (NMR) Spectroscopy: Provides detailed information
about molecular structure. Crucial for elucidating the structure of novel com-
pounds (like the initial identification of THCP/CBDP) and verifying reference
standards. Less common for routine quality control due to cost and complexity.

– Infrared (IR) and Raman Spectroscopy: Provide information about molecular
vibrations (functional groups). Can be used for material identification and char-
acterization (e.g., analyzing hemp fibers or carbon materials like HDCNS). Near-
Infrared (NIR) spectroscopy is sometimes used as a rapid, non-destructive screen-
ing tool for potency in plant material, but typically requires calibration against
primary methods like HPLC.

• Other Techniques:

– Microscopy (SEM, TEM): Used to visualize the morphology and structure of
materials at micro- and nano-scales (e.g., analyzing trichomes, fibers, HDCNS
structure). Often combined with Energy Dispersive X-ray Spectroscopy (EDX)
for elemental analysis.

– X-ray Diffraction (XRD): Used to determine the crystallographic structure of
materials (e.g., confirming graphitic nature of HDCNS).

– Microbiological Testing: Culture-based methods or molecular techniques (e.g.,
qPCR) are used to quantify microbial contaminants (total yeasts and molds, aer-
obic bacteria, specific pathogens like E. coli, Salmonella, Aspergillus).

– Water Activity (aw): Measurement of unbound water, critical for assessing mi-
crobial stability and shelf life.

Method selection depends on the analyte(s) of interest, the matrix (plant material, extract,
oil, edible, composite), required sensitivity and selectivity, and regulatory requirements.
Method validation according to established guidelines (e.g., AOAC, USP, ISO) is essential
to ensure reliable and accurate results.



Appendix C

Full DOI List

The following Digital Object Identifiers (DOIs) were cited or referenced in the text to support
key points, primarily linking to PubMed-indexed sources or relevant scientific publications.
URLs are provided where a DOI was not directly applicable or for general reference.

1. 10.3390/molecules25184078 (Andre et al., Molecules, 2020 - CBD Mechanisms re-
view, also useful for biosynthesis overview)

2. 10.1007/s11356-021-16264-5 (Hesami et al., Environ Sci Pollut Res Int, 2021 -
Cannabis genetics, breeding, biotech, mentions phytoremediation)

3. PMC8819531 (Note: This is a PubMed Central ID, not a DOI. The corresponding paper
might be Andre et al., Molecules 2016, DOI: 10.3390/molecules21010039, useful for
general background/history - cross-check context where used). If this was intended for
a specific paper, finding the DOI is preferable.

4. 10.1001/jama.2015.6358 (Whiting et al., JAMA, 2015 - Meta-analysis on medical
cannabinoids for various indications)

5. 10.3390/biomedicines11102630 (Kuhnt et al., Biomedicines, 2023 - Review on hemp
seed oil nutritional aspects)

6. 10.1038/s41598-019-56785-1 (Citti et al., Sci Rep, 2019 - Discovery and initial phar-
macology of THCP and CBDP)

7. 10.1021/acs.jnatprod.0c01034 (Citti et al., J Nat Prod, 2020 - Quantification of
THCP/CBDP in cannabis varieties)

8. 10.3390/ijms25147724 (Zagzoog et al., Int J Mol Sci, 2024 - In vitro pharmacology
of minor cannabinoids including CBDP)

9. 10.1021/nn400731g (Wang et al., ACS Nano, 2013 - Synthesis and supercapacitor
performance of HDCNS)

10. 10.1007/978-3-319-45541-9_1 (Van der Werf & Turunen, Chapter in "Industrial
Hemp", 2017 - LCA of hemp fiber production)
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Additional DOIs referenced during generation or relevant context:

• 10.3390/molecules21010039 (Andre et al., Molecules, 2016 - General review on
Cannabis sativa history, phytochemistry)

• 10.1016/j.compositesa.2016.02.019 (Pickering et al., Compos Part A Appl Sci
Manuf, 2016 - Review on natural fibre composites, relevant to hemp composites)

• 10.1016/S0045-6535(02)00186-7 (Linger et al., Chemosphere, 2002 - Early study on
heavy metal uptake by hemp)

• 10.1016/j.jclepro.2020.124959 (Pervan et al., J Clean Prod, 2021 - Example LCA
of hemp materials)

• 10.3390/antiox10111706 (Aiello et al., Antioxidants, 2021 - Example research on
hemp peptides)

• 10.1093/annonc/mdv130 (Smith et al., Ann Oncol, 2015 - Systematic review on cannabi-
noids for CINV)

• 10.1056/NEJMoa1611618 (Devinsky et al., NEJM, 2017 - Pivotal trial of CBD for
Dravet syndrome)

• 10.1016/S0140-6736(18)30136-3 (Thiele et al., Lancet, 2018 - Pivotal trial of CBD
for Lennox-Gastaut syndrome)

• 10.14309/ctg.0000000000000594 (Kienzl et al., Clin Transl Gastroenterol, 2023 -
Review on cannabinoids for IBD)

• 10.1002/phar.2386 (Skelley et al., Pharmacotherapy, 2020 - Review on CBD for anx-
iety disorders)

Author Website URL:

• www.marielandryceo.com (Marie Landry’s Spy Shop)

Note: Users should verify the context and specific findings of each cited DOI. This list
provides the identifiers used based on the provided outline and generated text.

www.marielandryceo.com
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