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Abstract: Cannabinoids are compounds found in and derived from the Cannabis plants that have become increasingly recognised as
significant modulating factors of physiological mechanisms and inflammatory reactions of the organism, thus inevitably affecting
maintenance of homeostasis. Medical Cannabis popularity has surged since its legal regulation growing around the world. Numerous
promising discoveries bring more data on cannabinoids’ pharmacological characteristics and therapeutic applications. Given the
current surge in interest in the medical use of cannabinoids, there is an urgent need for an effective method of their administration.
Surpassing low bioavailability, low water solubility, and instability became an important milestone in the advancement of cannabinoids
in pharmaceutical applications. The numerous uses of cannabinoids in clinical practice remain restricted by limited administration
alternatives, but there is hope when biodegradable polymers are taken into account. The primary objective of this review is to highlight
the wide range of indications for which cannabinoids may be used, as well as the polymeric carriers that enhance their effectiveness.
The current review described a wide range of therapeutic applications of cannabinoids, including pain management, neurological and
sleep disorders, anxiety, and cancer treatment. The use of these compounds was further examined in the area of dermatology and
cosmetology. Finally, with the use of biodegradable polymer-based drug delivery systems (DDSs), it was demonstrated that
cannabinoids can be delivered specifically to the intended site while also improving the drug’s physicochemical properties, emphasiz-
ing their utility. Nevertheless, additional clinical trials on novel cannabinoids’ formulations are required, as their full spectrum
therapeutical potential is yet to be unravelled.
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Introduction
Cannabinoids are obtained from plants belonging to the genus Cannabis, Cannabaceae family. Cannabis, particularly
Cannabis sativa, has been known for its therapeutic and psychotomimetic applications for over 6000 years. Every
Cannabis sativa plant produces active compounds, but the levels and proportions of these compounds vary among
different varieties. These variations cannot be attributed solely to genetic makeup, as environmental factors such as
climate and growing conditions may also influence them. Therefore, it is more accurate to refer to these variables as
chemical varieties or chemovars, instead of strains.' The main active components present in Cannabis sativa comprise
A’-tetrahydrocannabinol ((6aR,10aR)-6,6,9-trimethyl-3-pentyl-6a,7,8,10a-tetrahydrobenzo[c]chromen-1-o0l) (THC) and
cannabidiol (2-[(1R,6R)-3-methyl-6-prop-1-en-2-ylcyclohex-2-en-1-yl]-5-pentylbenzene-1,3-diol) (CBD).>

The mechanism of action of cannabinoids is dependent on their interaction with two cannabinoid receptors known as
CB1 and CB2, which are found throughout the central and peripheral nervous systems. They are present in axons,
dendrites, and cell bodies, and they influence neuronal, glial, and microglial activity.” When these receptors are activated,

they inhibit adenylyl cyclase production causing hyperpolarization of neurons, which stops the transmission of electric
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impulses. CB1 and CB2 receptors are highly concentrated in the hippocampal formation and olfactory bulb, where they
impact memory, cognition, smell, and pain perception.* Additionally, CB1 receptors can be found in the dorsal horn of
the spinal cord and on afferent A-B and A-6 fibers, suggesting their potential as analgesics for nerve damage.” CB2
receptors, on the other hand, are unique as their presence is not solely limited to the nervous system and can be found on
immune cells, macrophages, and solid tumor tissues, indicating their potential anti-cancer activity.®® Furthermore, the
activation of CB1 receptors in the brain via THC is responsible for the mind-altering effects of Cannabis sativa, whereas
CBD has no psychoactive effects.”

Medicinal Cannabis refers to the use of Cannabis or cannabinoids with an intention to treat a disease or alleviate
some of its symptoms. There are several ways, in which cannabinoids can be administered to a patient.'® Smoking is the
most widespread form of Cannabis consumption, yet it is not accepted for therapeutic purposes, due to health hazards
evoked by pyrolytic by-products.” Cannabinoids can be administered orally, sublingually, and topically, they can be
vaporized and inhaled or even mixed into food.'®'? For instance, CBD inhalation and intranasal administration provides
a rapid rise of the drug’s concentration in the plasma, thus reaching the brain faster. On the other hand, transdermal route
of CBD administration delivers the drug systemically in a slower manner, gradually over time.'® Prescribed cannabinoids
include the oromucosal spray nabiximols (Cannabis-based extract with CBD:THC in a 1:1 ratio) and capsules with the
synthetic analogue of THC - dronabinol or nabilone.'®'?

Cannabinoids’ beneficial features have given them a new therapeutic meaning in the treatment of a wide range of
conditions. These include multiple sclerosis (MS), epilepsy, post-traumatic stress disorder (PTSD), anxiety, cancer, and,
most critically, chronic pain.'* Furthermore, Cannabis sativa-based products have gained significant popularity and attention
in the areas of cosmetology and dermatology. CBD, in particular, has caught the attention of scientists due to its multiple
therapeutic characteristics, including anti-inflammatory and antioxidant properties. Furthermore, CBD has a noteworthy
therapeutic potential in the treatment of skin disorders such as atopic dermatitis, pruritus, psoriasis, and acne.'®

Despite the various healing benefits that cannabinoids offer, their effectiveness in therapy is significantly limited due
to their physical and chemical properties, such as their low solubility in water and instability. Studies performed by
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Fairbairn et al in 1976 and Pacifici et al in 2018 demonstrated that cannabinoids can undergo degradation when exposed
to heat, light, or long-term storage, which can affect their potency.'®'” According to the study conducted by Drooge et al,
THC undergoes rapid degradation within a few hours of exposure to air, and this process is accelerated at higher
temperatures.'® The Biopharmaceutics Classification System (BCS) classifies cannabinoids such as THC and CBD as
drugs with high lipophilicity (logP of around 6.3 and 6.97 respectively) and low water solubility (12.6 and 28.0 mg/L
respectively). Additionally, the pK, values of THC and CBD are 9.29 and 10.6, respectively.'® !

The inconsistent and unreliable absorption patterns observed with cannabinoids can be attributed to their physico-
chemical properties. When taken orally, THC-based medications have a lower bioavailability rate (between 6% and 10%)
due to their instability in the acidic environment of the stomach. Additionally, they are heavily metabolized by the
CYP450 enzymes in the liver (specifically, CYP3A4 and CYP2C9) into an equally potent metabolite called 11-OH THC,
which is then further metabolized into the inactive THC-COOH form.** According to the reports, the absorption of THC
is limited by the excretion of P-glycoprotein (P-gp) from the enterocytes.”® Like THC, CBD also exhibits low oral
bioavailability in humans, typically falling in the range of 9% to 13%. This is owing to its low solubility in water and
extensive initial metabolism by CYP enzymes (specifically, CYP3A4 and CYP2C19) into a 7-OH metabolite, which
results in the loss of roughly 75% of the drug that enters systemic circulation.**** The inhalation of cannabinoids through
smoking has been found to have the highest bioavailability, ranging from 2% to 56%. The reason for this is that smoking
enables swift and effective delivery of drugs to the brain via the lungs and bloodstream. Likewise, the use of smoking for
medicinal purposes cannot be endorsed because it poses health risks from the combustion by-products produced.” Given
the limitations of cannabinoids, innovative drug delivery strategies that protect these compounds from oxidation, while
increasing their potency and bioavailability, are required.*

What Do We Know About Clinically Important Cannabinoids?
In recent years, the scientific community has exhibited a growing interest in investigating Cannabis’ possible therapeutic
applications. Many researchers have presented encouraging results from preclinical and clinical studies, indicating that
cannabinoids have the potential to treat a wide range of conditions, including pain, cancer, neurological, and psychiatric
illnesses. Considering cannabinoids’ pharmacological targets are not only limited to CB1 and CB2 receptors, their
physiological activities and potential therapeutic applications are still being investigated and expanded.?’

In the subsequent sections of this review, the therapeutic potential of cannabinoids in the treatment of various
disorders will be addressed.

Cannabinoids in Pain Management
Pain can be defined as an unpleasant sensory and emotional experience, which is concurrent with actual or potential
tissue damage. Such discomfort can also occur without any physical derangement, as stated in the definition proposed by
the International Association for the Study of Pain (IASP).”® Despite significant advances in pain management, it remains
a challenging burden both for the patients and their doctors. The most pain-affected group of patients comprises cancer
patients, who suffer from pain chronically.?’ Every patient who suffers from pain is more susceptible to immune and
metabolic upset, thus slowing down the regeneration process. Inadequate pain relief caused by insufficient analgesic
dosage or worse, complete lack of pain management therapy leads to augmented morbidity and mortality.>°

Pain-managing strategies are most commonly based on the three-step World Health Organization (WHO) analgesic
ladder scheme. As the first-line treatment of mild pain, physicians use non-opioid analgesics such as nonsteroidal anti-
inflammatory drugs (NSAIDs) or acetaminophen with or without adjuvants. If the analgesia is insufficient or the pain
aggravates to moderate intensity, the doctors continue the treatment with the drugs from the first step with the addition of
weak opioids such as hydrocodone, codeine or tramadol.*’ The management of severe and persistent pain is the most
troublesome due to the high-risk profiles of potent opioid drugs administered as the third step of the pain ladder. These
drugs include eg morphine, fentanyl, oxycodone, hydromorphone or buprenorphine.*

NSAIDs are the first-line treatment of pain in the world due to their wide availability. Often, patients self-administer these
drugs without consulting their doctors, which can lead to improper or excessive use. The overuse of NSAIDs can lead to minor
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gastrointestinal (GI) side effects such as dyspepsia, but utter abuse can induce serious complications like bleeding from ulcers
or perforation of the GI tract. Furthermore, NSAIDs can cause cardiovascular or nephrological adverse effects.®?

Adjuvants can be used additionally to primary analgesic medications on every step of the WHO pain ladder. The term
“adjuvant analgesics” refers to any drug with a primary indication other than pain, that can have an analgesic effect in certain
painful conditions.** Some adjuvants are known for their multipurpose analgesic properties in diverse pain syndromes, eg
tricyclic antidepressants, corticosteroids, o,-adrenergic agonists or neuroleptics. On the other hand, adjuvants may have
specific conditions, in which they can be successfully used. Anticonvulsants and local anaesthetics aid in neuropathic pain;
bisphosphonates, calcitonin and radiopharmaceuticals are widely administered in conditions associated with bone pain;
muscle relaxants are useful during musculoskeletal pain and anticholinergics relieve patients with symptoms of bowel
obstructions. Furthermore, ketamine, capsaicin and cannabinoids are also known for their adjuvant properties.*

As the global market and interest in herbal medicine surges, more attention is being directed towards the use of plant-
derived drugs.*® In the United States, it is estimated that almost twenty million Americans use herbal medicine.’’ An
annual turnover of more than 1.5 billion dollars and yearly growth of almost 25% is noted.*®

Herbal products are very important in Chinese traditional medicine. A wide variety of medicinal plants have been
associated with anticancer effects. It is speculated that these plants could become a rich source of natural antioxidants and
helpful chemopreventive substances.® Furthermore, many plants comprise natural analgesics that target various pathological
mechanisms involved in the perception of pain, contrary to traditional analgesics, which usually act on a single pathway.*

However, the most common reason why American adults seek herbal medicine is pain management. In some cases of
chronic pain, such as musculoskeletal pain, arthritis or migraine, biological changes to the central nervous system (CNS)
or peripheral tissues are permanently established. Patients are condemned to chronic use of NSAIDs or opioids, which
can lead to serious side effects, especially considering the elderly. To limit the dosage of administered traditional drugs
and improve the analgesic effect, patients often turn to herbal medicines.*®

The pain-relieving effects of THC are due to a variety of mechanisms of action that involve cannabinoid receptors CB1
and CB2. Additionally, THC interacts with other pathways, such as delta and kappa opioid receptors, the GABA-ergic/
glutamatergic system, and the noradrenergic system.*’ These interactions influence the way the pain is perceived. >4+
Furthermore, THC acts as an agonist on the transient-receptor potential vanilloid 1 receptor, which helps to block
hyperalgesia and allodynia and regulates stimuli that cause thermal and mechanical pain. Other receptors sensitive to
cannabinoids include calcitonin gene-related peptide, nuclear factor kappa-light-chain-enhancer of activated B-cells, G
protein-coupled receptor 18, and peroxisome proliferator-activated receptors. These interactions contribute to vasodilata-
tion, regulation of the host’s immune response during infection as well as the induction of apoptosis of proinflammatory
macrophages.* Cannabinoids also affect adenosine, serotonin, and dopamine receptors, which is followed by pain
alleviation and sensation of relief.** Moreover, cannabinoids can inhibit cyclooxygenase (preferably COX-2 than COX-
1) and block the production of pain and inflammatory mediators at the location of the tumor, explaining its anti-
inflammatory action. Activation of CB1 receptors in the central nervous system produces an analgesic effect, while
activation of peripheral CB2 receptors amplifies this effect.*’

The analgesic role of cannabinoids is studied in various pain conditions.*® A double-blind randomised clinical trial
was conducted to assess the impact of nabiximols on pain in advanced cancer patients, who suffer from opioid-resistant
pain. Patients, who were administered with nabiximols presented a statistically significant improvement in baseline
scores on the numerical pain rating scale, compared with placebo.*® There is low-quality data regarding the influence of
cannabinoids on neuropathic pain. In a Cochrane systematic review, 16 clinical trials have been evaluated. A moderate
improvement of neuropathic pain sensation among studied participants was observed when treated with cannabinoids,
compared with placebo (21% vs 17%).*” There are no high-quality clinical trials focused on the application of
cannabinoids in patients suffering from musculoskeletal pain. The use of cannabinoids is recommended as an adjunctive
after first and second-line recommended treatments.*® Cannabis has been found to aid in chronic pain management in
patients with fibromyalgia. Although clinical data is limited, there are placebo-controlled clinical trials suggesting a
potential positive effect of THC-rich Cannabis oil in patients presenting with severe symptoms.**** In a systematic
review, Stockings et al concluded that cannabinoids significantly reduce MS related neuropathic pain when compared to
placebo, yet they do not treat MS-related musculoskeletal pain.’
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Regardless of positive aspects of analgesic treatment of chronic pain disorders, the physicians must not neglect the
side effects when prescribing medical Cannabis for such application. After reviewing the Danish nationwide registers,
Holt et al conducted an analysis to determine the relationship between Cannabis use and the incidence of specific
cardiovascular side effects. First-time arrhythmia and acute coronary syndrome incidence was compared between
medical Cannabis users and non-users. The study results revealed that patients suffering from chronic pain, who had
used prescribed medical Cannabis, are at greater risk of developing a new-onset arrhythmia in the 180 days following the
beginning of the treatment. No such association was found regarding the acute coronary syndrome.>?

Cannabinoids in the Treatment of Neurological Disorders
Alzheimer’s disease (AD) is the most prevalent neurodegenerative condition worldwide and accounts for around 60—80% of
all instances of dementia.> The main features of AD include the presence of B-amyloid plaques, phosphorylated tau
proteins, neurofibrillary tangles, glial activation, and the loss of neurons.>* Preclinical research has shown that CBD can be
effective in animal models of AD due to its serotonergic activity. A study conducted on mice demonstrated that
administering CBD intraperitoneally could regulate the activation of microglia by beta-amyloid and improve cognitive
function. To mimic cognitive decline related to AD, B-amyloid was injected intracerebroventricularly in mice. The study
showed that mice administered with CBD had reduced latencies in the Morris water maze compared to those given a control
substance.” Moreover, when given to a transgenic mouse model of AD that expresses p-amyloid, THC demonstrates
neuroprotective properties. It leads to a decrease in neuronal loss and a reduction in the buildup of B-amyloid compared to
the control group receiving vehicle controls.’® Recent clinical research has demonstrated that nabilone shows potential as a
therapy for neurodegenerative and neuroinflammatory diseases. In a double-blind, randomised crossover study involving
AD patients, the administration of nabilone at a daily dose of 0.5-2 mg resulted in a decrease in markers associated with
oxidative stress and neuroinflammation, such as tumor necrosis factor-alpha (TNF-a)). Additionally, this reduction suggested
a positive correlation between the use of nabilone and a decrease in agitation.>”®

Parkinson’s disease (PD) ranks as the second most prevalent neurodegenerative disorder, following AD. PD is
distinguished by the degeneration of dopaminergic neurons in the substantia nigra pars compacta. This neural loss
disrupts the flow of dopamine in the striatum, resulting in the characteristic symptoms of PD. These symptoms
encompass diminished motor function, including resting tremor, bradykinesia, postural instability, and rigidity. In
addition to motor symptoms, PD can also lead to cognitive impairment, mood disorders, and sensory disturbances
related to pain perception.’*>* Proinflammatory signalling is believed to contribute to disease progression. As a result,
cannabinoids are considered to have therapeutic potential due to their anti-inflammatory properties.®® Clinical studies
have shown that when CBD is given to patients with PD, there is a decrease in the frequency of psychotic symptoms such
as sleep problems, hallucinations, and delusions. Additionally, patients experience a reduction in the intensity of tremors
and an overall improvement in their well-being and motor function.®’"®* In a recent clinical trial using CBD
(Epidiolex®™), researchers observed similar positive outcomes in symptoms related to PD. Patients in the trial reported
good tolerability with no significant side effects when following a daily dosage of 5-25 mg/kg.** In a recent randomised,
double-blind, placebo-controlled Phase II study, researchers investigated the potential of nabilone in alleviating non-
motor adverse effects associated with PD. The study has found that PD patients who were administered doses of nabilone
up to 1 mg reported positive responses. Clinical assessments and self-scoring methods used in the study indicated that
patients receiving nabilone experienced improvements in non-motor adverse effects compared to the placebo group,
which reported increased disturbances caused by non-motor adverse effects.®

Further, seizures occur when there is an abnormal synchronized activity among neurons in the brain. The causes of
seizures can vary and may include factors such as genetic susceptibility, brain injuries, the presence of brain tumors, and
neurodegenerative disorders.®® Cannabinoid compounds have shown the ability to reduce spasms in various neurode-
generative diseases. This provides additional evidence for the use of cannabinoids in treating epileptic seizures. The
anticonvulsant effects of THC are believed to be due to the stimulation of CB1 receptors. The conducted studies proved
that mice lacking functional CBI1 receptors or having genetic changes affecting the activity of the endogenous
cannabinoid system are more susceptible to seizures.’”®® Furthermore, clinical studies have shown positive results
when using cannabinoids to manage epilepsy. However, much of the research has focused on CBD due to its well-
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tolerated nature and lack of psychoactive effects.*” The utilization of CBD in clinical trials for treatment-resistant
epilepsy and Dravet syndrome, specifically with the use of the clinically approved Epidiolex®, resulted in a notable
decrease in the frequency and duration of epileptic seizures. Additionally, long-term safety and quality-of-life studies
with this drug demonstrated that CBD offers effective and well-tolerated long-term treatment while enhancing the overall
quality of life for patients.””’> The neuroprotective potential of CBD consequently suggests its applicability in becoming
an alternative remedy for patients suffering from epilepsy.”

MS is a chronic and disabling neurological disease that primarily impacts individuals in their early adulthood.
Pathologically, it exhibits distinct features such as inflammation, loss of neuronal and axonal cells, demyelination, and
the presence of astrocytic gliosis in the brain stem and spinal cord. Physiologically, MS is characterized by intermittent
episodes of sensory and motor dysfunction, primarily caused by neurodegeneration.”>’® In the initial clinical trials,
nabiximols demonstrated potential in effectively reducing spasticity associated with MS when compared to placebo
controls, by decreasing the frequency and intensity of muscle spasms experienced by individuals undergoing treatment.””-"®
In a more recent clinical research, nabiximols demonstrated greater effectiveness in improving spasticity caused by MS
compared to solely adjusting the dosage of standard anti-spasticity medication.’® Dronabinol, however, despite being well
tolerated by the patients, was found to have no positive impact on cognitive function. In fact, there were indications that
cognitive function may even decline over time with the use of this drug.*® Additionally, it was discovered that a whole
Cannabis extract provided relief from muscle stiffness in individuals with MS.®! Lastly, it was determined that medicinal
Cannabis contributed to a slight decrease in fatigue among individuals with MS, in comparison to age and sex-matched
controls who had no history of Cannabis usage.®

A recently published three-arm, randomized, double-blind clinical trial by Walczynska-Dragon et al provides new
data on the efficacy of CBD formulations in temporomandibular disorders. The emphasis was put on the myorelaxing,
pain-relieving and bruxism-reducing properties of CBD in patients suffering from muscle-related temporomandibular
disorders. The study discovered that oral administration of CBD formulations successfully reduced the pain reported by
patients while also reducing the muscle spasticity and thereby minimising the bruxing activity. A concentration of 10%
CBD was found to induce superior effects, when compared to the formulation containing 5% CBD.*?

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative condition where muscle control progressively diminishes
due to muscle weakness and deterioration. This ultimately causes a decline in the ability to perform tasks such as
chewing, swallowing, talking, and breathing, eventually resulting in death.®**> Although the exact cause and mechan-
isms that lead to the onset of ALS are yet to be fully understood, it is believed that factors such as excitotoxicity,
oxidative stress, and neuroinflammation contribute to the development of the condition. In particular, sporadic cases
which make up 90-95% of all ALS cases, have no known specific cause.***” A multicenter, randomised placebo-
controlled clinical trial on the ALS patients indicated that nabiximols reduced spasticity symptoms. Furthermore, no
notable adverse effects were reported during the study.*® In addition, a clinical trial was conducted to assess the
effectiveness of THC in relieving cramps in ALS patients. However, the trial did not find any significant reduction in
cramp intensity based on patient feedback. Despite this, the use of THC at a daily oral dose of 10 mg was found to be
well tolerated, and no significant adverse effects were reported.®

Cannabinoids in the Treatment of Anxiety

Fear and anxiety are natural biological processes that help individuals prepare for potential harm. They trigger various
responses in behaviour, physiology, the autonomic nervous system, and hormones. In the short term, this is advantageous
since it promotes quick detection of potential threats through heightened vigilance and enables a swift response.
However, prolonged, unnecessary, or exaggerated fear and anxiety can have significant adverse effects on health.
Anxiety tends to persist even when the threat has diminished.’® Clinical experiments with rimonabant, a CB1 receptor
antagonist initially studied as an obesity treatment, revealed the importance of endocannabinoid system (ECS) signalling
in controlling human anxiety. During a meta-analysis of four randomised, double-blind, placebo-controlled studies, it was
found that the continuous administration of rimonabant, at a dosage of 20 mg per day, resulted in a significant elevation
of anxiety levels measured by the Hospital Anxiety and Depression Scale. As a result, many individuals in the
rimonabant group decided to discontinue their participation in the studies.”’
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In general, small amounts of exogenous cannabinoids typically produce calming effects similar to anti-anxiety
medications, while larger doses often trigger the opposite effect. However, inhibiting the breakdown of endocannabinoids
appears to overcome these dual effects by boosting CB1 receptor activity in a limited and specific way, resulting in
reduced anxiety-related behaviours.”> THC exhibits a two-phase response regarding anxiety in animals, which is
dependent on the dosage and the form of administration. Specifically, when given in high doses, THC has an anxiety-

inducing effect during acute administration,”**** 95.96

whereas low doses are anxiolytic.

Habitual Cannabis use has been thought to be related to a higher possibility of developing anxiety disorders. Beletsky
et al conducted a critical systematic review of literature on the relation between Cannabis use and anxiety disorders. The
researchers concluded that the hypothesized correlation may be explained by the anxiety predisposing individuals who seek
for Cannabis as a remedy, rather than the Cannabis use itself, that leads to anxiety development. Despite numerous studies
suggesting the causal relation between Cannabis use and progression of anxiety, such association appears to be less likely.”’

More recently, scientists have been utilizing more targeted pharmacological treatments to address anxiety disorders.
In a double-blind placebo-controlled study, the daily use of the fatty acid amide hydrolase (FAAH) inhibitor JNJ-
42165279 for 12 weeks showed improvement in the severity of symptoms related to social anxiety disorder (SAD). The
effects of the treatment were even more pronounced in individuals with higher levels of FAAH inhibition.”®*" This
observation in especially intriguing given preliminary data indicating that persons with SAD may have increased levels
of central FAAH expression.'®® Importantly, this data suggests that using pharmacological approaches to target the ECS
could be a realistic and successful therapy option for anxiety disorders.”

Cannabinoids in the Treatment of Sleep Disorders

Sleep is a crucial biological process that serves a critical function in replenishing and restoring necessary bodily functions
for optimal performance during wakeful hours.'”" Achieving optimal sleep health involves ensuring sufficient duration,
appropriate timing, efficient sleep patterns, and restful sleep that leaves individuals feeling alert and capable during the
day.'® About 30 to 35% of the population experiences insufficient sleep.'®

The activation of CB1 receptors located in the pons and basal forebrain is thought to contribute to the initiation of
sleep. This is believed to happen by stimulating cholinergic neurons in the basal forebrain and pons through CBI
receptors, which helps facilitate the process of sleep induction.'® The sleep-wake cycle is also influenced by the
serotonergic transmitter system in the brainstem’s dorsal raphe nucleus.'®> Some studies suggest that the ECS may
regulate the serotonin system through the activation of CB1 receptors, potentially affecting sleep-wake cycles.'*®

Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are the endogenous ligands for both CB1 and CB2 receptors.'®’
Both clinical and preclinical studies have reported the presence of a daily rhythm in the levels of endocannabinoids
circulating in the body.'® The level of 2-AG in the human blood plasma gradually rises from the middle of sleep to the
early afternoon. This increase is more significant when sleep is restricted. Medications that inhibit the activity of
monoacylglycerol lipase (MAGL), the enzyme responsible for breaking down 2-AG, have been found to increase the
levels of 2-AG in the brain. This leads to wakefulness in rats, resulting in a decrease in both non-rapid eye movement
(NREM) and rapid eye movement (REM) sleep.'” As compared to 2-AG, AEA has been found to have a positive impact
on sleep. Researchers have discovered that by administering drugs that inhibit the FAAH enzyme and increase the levels of
natural AEA, they could improve the sleep quality of males who were experiencing withdrawal symptoms due to Cannabis
dependency. This treatment specifically helped to normalize the “slow wave” sleep patterns.''”

There is limited data available on the impact of CBD on sleep. However, studies conducted on rats showed some
interesting findings. When given lower doses of CBD via injection, the rats had an increase in the overall percentage of
sleep and a decrease in the time taken to enter the REM phase. On the other hand, higher doses of CBD resulted in an
increase in the amount of time it took the rats to enter REM sleep.''""!'? In a recent double-blinded, randomised
controlled trial, 1793 participants took part in a 5 week observation period, in which their sleep disturbances were
assessed. Each participant received a 4-week supply of randomly assigned capsules containing either 15 mg of CBD or 5
mg of melatonin, alone or in combination with other cannabinoids. The sleep disturbance data was collected via weekly
online surveys. The scientists discovered that continuous usage of low-dose CBD is safe and may improve sleep quality.
The improvement, however, did not exceed the effects of administration of 5 mg of melatonin.''® Some individuals who
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report the use of Cannabis products for mild-to-moderate anxiety claim to experience a better quality of sleep on the
following night. Interestingly, the highest perceived quality of sleep was noted by the respondents who ingested
Cannabis products containing high CBD concentration.'™*

When THC is used for a short period, it shows certain effects on sleep. Studies conducted on rabbits and cats suggest
that these effects include improved sleep continuity, reduced sleep onset latency (SOL), increased overall sleep duration
(OSD), and decreased wake after sleep onset (WASO). Moreover, taking THC for a short duration has been associated with
a decrease in REM sleep and an increase in slow-wave sleep (SWS).!'>!'® Unlike previously mentioned, continuous use of
THC has demonstrated a decrease in SWS, indicating the potential development of tolerance over time.''” Additionally,
there is an indication of heightened sleep disturbances characterized by an increase in SOL, an increase in WASO, and a

decrease in OSD.''®

During a four-armed crossover study, which was conducted in a double-blinded and placebo-controlled
environment, the researchers used electroencephalography monitoring to observe the effects of combining CBD and THC.
The study concluded that the combination of CBD and THC resulted in more stimulating properties. Furthermore, CBD had
a tendency to reduce the sedative effects of THC, especially when larger doses were administered.''

Many people in the community use medicinal cannabinoid products to aid sleep without seeking guidance from
healthcare professionals. However, the evidence supporting the use of cannabinoids for insomnia and other sleep
disorders is not comprehensive enough to definitively support their clinical use. Nonetheless, the increasing knowledge
of how the ECS regulates sleep-wake cycles gives a strong reason to explore and refine Cannabis products for potential

therapeutic benefits.'¢-'9%-120

Cannabinoids in the Treatment of Cancer

Cancer is a condition that impacts around 40% of individuals during their lifetime.'*' According to the American Cancer
Society, it is predicted that in 2024 there will be over 2 million new cancer cases and the death toll will exceed 610,000
among cancer patients in the United States. Almost half (48%) of newly diagnosed cancer cases in men are attributed to
prostate, lung and colorectal cancers, with prostate cancer alone accounting for 29% of diagnoses. In women, breast cancer,
lung cancer and colorectal cancers constitute 51% of all new diagnoses, and breast cancer alone is responsible for 32% of
overall female cancer cases.'**'*® For a long time, oncological patients had limited choice when it came to the treatment
options. These options primarily involved surgery, radiation therapy and chemotherapy, either used individually or in
combination.'** Due to high toxicity of commonly used chemotherapeutic drugs and their low targeting specificity, their
activity does not limit to cancer cells, but also causes harm to healthy tissues. These toxic agents destroy not only the
abruptly proliferating cancer cells, but also the healthy cells, what leads to serious side effects such as reduced appetite,
nausea, difficulty sleeping, and heightened anxiety and may even result in patients’ death.'?""'*> Untargeted radiotherapy
faces the same issue of lacking specificity. This form of treatment induces DNA damage, leading to fragmentation of DNA
strands, which ultimately results in the death of cells. Acute radiation damage primarily affects rapidly dividing cells, such
as cancer cells, but also the stem cells of the skin and the lining of the digestive tract. This causes a disruption in the
protective barrier, commonly observed in the skin, oral mucosa and in the GI tract. These effects are most commonly
occurring within 5 years after radiotherapy completion. Eventually, the stem cells undergo compensatory hyperplasia,
leading to recovery and resolution of symptoms within a few weeks. However, if the acute damage is not completely healed
and persists for an extended period, the resulting lesions are considered late effects with long-term consequences.'
Innovation is sought after for novel forms of drug delivery that can release drugs selectively and efficiently target cells at
specific sites. This is crucial for enhancing patients” well-being and reducing the risk of toxicity.'?’

Cancer is a condition characterized by abnormal and unregulated cell division and growth. The development of cancer
relies on the presence of mutations in multiple genes.'”® Numerous studies have been conducted to demonstrate the
expression or overexpression of CB1 and/or CB2 receptors in various types of human cancers such as glioma, lymphoma,
leukaemia, breast, lung, ovarian, pancreatic, prostate, skin, thyroid cancers, endometrial, esophageal, head and neck,
hepatocellular, renal, and mobile tongue carcinomas. These studies have utilized various techniques such as immuno-
histochemical staining, Western blotting, qRT-PCR, or a combination of methods to determine the expression levels of
these receptors.121 Components found in Cannabis extracts, such as cannabinoids and terpenes, could offer an alternative
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approach to managing side effects. These compounds also have the potential for use alongside synthetic cytostatic drugs
to assist in tumor disappearance.'?!

There have been numerous in vitro and in vivo studies demonstrating that cannabinoids have the ability to impact
nearly all critical aspects of cancer. They can hinder cell growth, decrease inflammation, promote programmed cell death,
impede the spread and growth of tumors, as well as their angiogenesis and metastasis.'**'** Autophagy and apoptosis
play a crucial role in regulating excessive cell growth. It has been observed that cannabinoids have the ability to induce
autophagy in various types of cancer.'*'*'*? Inflammation plays a significant role in the development of cancer. The ECS
regulates immune system function and controls inflammation. Some cannabinoids effectively reduce inflammation
locally or systemically.'**'** There have been several reports indicating that cannabinoids have the ability to inhibit
the migration, invasion, and spread of cancer cells.">> A recently published review on glioblastoma treatment with
cannabinoids, suggests that glioblastoma cells express CB1 and CB2 receptors, through which cannabinoids may mediate
signals leading to inhibition of proliferation and migration of tumor cells. Thus, utilizing cannabinoids might become a
beneficial treatment option for patients suffering from glioblastoma.'*®'3” Lately, it has also been described that in vitro
oral cancer cells’ exposure to cannabinoids triggers apoptosis and inhibits cell proliferation. Furthermore, the down-
regulation of multiple signalling pathways has been associated with anti-cancer features of cannabinoids.'**

CBD has displayed promising potential in managing cancer in preclinical studies and some human clinical trials.
However, there is still a limited understanding of the mechanisms behind its anticancer effects. To explore CBD’s
potential as a cancer treatment and unravel its underlying mechanisms of action, further research is needed, especially in
large-scale clinical trials. Additionally, the variations among CBD products available in the market pose a significant
challenge, along with the limited knowledge of CBD’s efficacy in treating cancer and its potential side effects.'*"-'?°

Although there is not enough data to directly confirm the anti-cancer effect of cannabinoids, their potential in
managing cancer symptoms has received significant attention. According to a report published by the National
Academies of Sciences, Engineering, and Medicine: The Health Effects of Cannabis and Cannabinoids, one of the
most significant clinical findings indicates that oral cannabinoids have helpful antiemetic properties. They can effectively
alleviate chemotherapy-induced nausea and vomiting in adults.'**'*! A randomised study was conducted involving 469
adults suffering from advanced cancer and weight loss. This study is one of the largest controlled trials of dronabinol.
The trial compared the effects of three different treatments namely dronabinol 2.5 mg, megestrol acetate (a progestational
agent) 800 mg, or a combination of both. The results showed that 49% of those who received dronabinol experienced an
increase in their appetite, while 75% of those who received megestrol and 66% of those who received both also
experienced an increase in appetite. Only 3% of the Cannabis recipients and 11% of those on megestrol gained more
than 10% of their body weight. Interestingly, although dronabinol was found to be effective in increasing appetite, it was
found to be ineffective in promoting weight gain.'** Synthetic cannabinoids have shown potential as a future treatment
for cancer-associated cachexia syndrome (CACS). However, limited high-quality trials have been conducted in recent
years, hindering the evaluation of their uses. Theoretical evidence suggests that cannabinoids could be an ideal treatment
option for CACS patients. However, further high-quality research is necessary to determine the appropriate dosage and
the applicability of these treatments.'*® Enhanced levels of the CB1 receptor can be found in specific regions of the brain
that regulate pain signal processing. Opioid medications are widely used among oncology patients. Initially, it was
believed that opioids and cannabinoids affect similar pathways. However, they operate on distinct receptors, and unlike
opioids, cannabinoid pain-relieving effects are not inhibited by opioid antagonists. Additionally, both CB1 and CB2
receptor agonists demonstrate analgesic properties both centrally and peripherally. Cannabinoids, along with terpenoids,
may also exhibit anti-inflammatory effects, which contribute to their analgesic properties. The report by the US National
Academies of Sciences, Engineering, and Medicine concludes that there is compelling evidence for the therapeutic
benefits of Cannabis in pain relief.'*"-'**

A recent research study explored the potential use of CBD as a self-assembly inducer for the production of
nanoparticle (NP) structures that contain anticancer drugs. These drug-loaded NP complexes were formed by linking
the CBD to various anticancer medications (namely N-desacetylthiocolchicine, podophyllotoxin, and paclitaxel) through
a linker that enhances drug release. The NPs were created using a technique called solvent displacement, which resulted
in consistently sized and stable structures with hydrodynamic diameters ranging from 160 to 400 nm. In the study, the
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researchers evaluated the potential of NPs complexes to prevent the growth of three different human tumor cell lines -
biphasic mesothelioma cell line (MSTO-211H), colorectal adenocarcinoma cell line (HT-29), and hepatocellular carci-
noma cell line (HepG2). The results showed that the concentration required to inhibit cell growth, known as Glsq values,
was in the low micromolar range. These findings provide additional evidence that NPs can deliver the drug into the cells,
enabling their cytotoxic effects. Furthermore, the research suggests that it may be possible to adjust the activity of
anticancer drugs by changing the type of linker.'*

Cannabinoids Use in Dermatology and Cosmetology
Recent research indicates that CB1 and CB2 receptors have natural ligands present in the skin, suggesting the existence
of an ECS specific to the skin (Figure 1)."%¢

Cannabinoids have the ability to either activate or inhibit ECS, which impacts various processes including sebum
production, keratinocyte proliferation, inflammation, and hair growth. The activation of CB1 in specific epidermal layers
and CB2 in the basal layer may result in increased DNA methylation in keratinocytes, which ultimately inhibits their
proliferation. The discovery of a potential ECS in the skin suggests that it is possible to use selective agonists and
antagonists for CB1 and CB2 receptors to manipulate the cannabinoid receptors in the treatment of various dermatolo-
gical conditions.'*” The presence of cannabinoid receptors on nerve fibers and mast cells in the skin suggests that
cannabinoid receptor agonists may have anti-inflammatory and pain-relieving effects. This implies that these agonists
have a wide spectrum of therapeutic potential.'*® The transient receptor potential (TRP) channels are another set of skin
receptors that can be targeted by cannabinoids. The TRPs are channels that allow cations to pass through. They have six
transmembrane segments labelled as S1-S6, and a hydrophilic loop. The pore for ions is located between the S5 and S6
transmembrane segments. These channels can be divided into six subgroups by their amino acid sequences. The
subgroups include TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPP (polycystin), and
TRPML (mucolipin).'*’ The topical application of substances that activate TRPA1 and TRPMS receptors demonstrated
positive effects on both epidermal proliferation and regaining epidermal permeability after injuries.'**'>" The inhibition
of TRPV1 by AEA, has been demonstrated by several research studies to have antipruritic effects. TRPV1 ion channel is

mainly expressed in nociceptive neurons in the peripheral nervous system and plays a significant role in causing skin
152,153

irritation, such as burning pruritus.
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In a study conducted by Stander et al, a cream containing palmitoylethanolamide (PEA) has been administered to 22
patients suffering from pruritus, prurigo, and lichen simplex. PEA acts on the cannabinoid receptor by inhibiting the
FAAH enzyme, thereby activating AEA. The application of PEA resulted in a reduction of itch by 86.4% in these
patients.'>* Cannabinoids have the potential to hinder the excessive growth of keratinocytes in psoriasis. According to
Wilkinson et al, it is suggested that the main mechanism through which THC inhibits keratinocyte proliferation is by
targeting the peroxisome proliferative-activated receptor gamma (PPARY).'>> Another way in which cannabinoids can
inhibit keratinocyte proliferation is through the downregulation of keratin K6 and K16 expression, which is achieved
through the activation of CB1 receptors.'>*!>” In March 2016, AXIM Biotechnologies initiated human clinical trials on a
topical ointment that includes cannabigerol and other cannabinoids in different concentrations. The ointment, known as
RenecannTM, aims to treat psoriasis. If these tests are a success, Renecann™ will be the first cannabinoid treatment for
psoriasis to gain approval of the US Food and Drug Administration (FDA).'"

Endocannabinoids are crucial in the modulation of pain perception. When the peripheral CB1 receptor is activated, it
effectively reduces hyperalgesia caused by mild heat injury in a dose-dependent manner. Moreover, the selective
activation of the peripheral CB2 receptor demonstrated antiallodynic effects in a rodent model of post-incisional pain.
When both the peripheral CB1 and CB2 receptors are activated simultaneously, they have a synergistic effect on
preventing pain transmission in the peripheral nervous system.'®

CBD demonstrates antioxidant properties, most likely due to the presence of a phenolic ring within its chemical
structure. It interrupts and disrupts the chain reactions that lead to the creation of harmful free radicals. In addition, CBD
either captures or transforms these radicals into less reactive forms. It also binds to transition metal ions that play a role
in the Fenton reaction, preventing the generation of hydroxyl radicals. Additionally, CBD has the potential to influence
the levels and activity of other antioxidants.'> Apart from antioxidant properties of cannabinoids, literature describes
their lipostatic, anti-inflammatory and anti-proliferative effects. CBD expresses remarkable anti-acne features, which is
why it is pursued as a reassuring treatment of acne vulgaris.'>

The possibility of topical administration of CBD and its favourable cutaneous biodistribution throughout epidermis
and dermis highlights it as a patient-friendly therapeutic formulation to treat multiple dermatological conditions.'®® For
instance, a variety of in vitro and in vivo studies exposed that cannabinoids may potentially aid in the healing process of
postsurgical and chronic wounds.'®' The effectiveness of using oil with a high concentration of CBD topically for hair
loss and thinning has been assessed through clinical trials. These issues tend to be connected to androgenetic alopecia.
ECS receptors that are located in hair follicles play a role in the growth of cells and control the various phases of the hair
growth cycle, which include anagen, catagen, and telogen phases. Through interaction with appropriate receptors, CBD
has shown potential to elongate the hair shaft. A study conducted by Szabd et al on cultured hair follicle cells found that
lower doses of CBD contributed to hair growth, while higher doses resulted in an earlier entry into the catagen phase,
which halts hair growth.'®?

Studies that focus solely on isolated THC and CBD without considering the complete range of cannabinoids and other
important substances found in Cannabis may overlook the potential biological advantages offered by whole Cannabis
extracts that contain a diverse range of compounds like terpenes, carotenoids, or flavonoids.'®® The high concentration of
essential fatty acids (EFA) in hemp seed oil is thought to have beneficial effects on conditions such as atopic dermatitis,
psoriasis, and especially acne. However, there have been numerous studies that have yielded contradictory findings,
suggesting that the effects of EFA depend on the dose and duration of use.'®* Both a-linolenic acid and linoleic acid have
been shown to decrease the harmful effects of UV radiation and minimize hyperpigmentation.'®> Furthermore, hemp seed
oil, which is a non-comedogenic dry oil, does not produce a greasy or sticky residue on the skin. As a result, it has been
utilized in manufacturing long-lasting moisturizing patches and stable emulsions in sunscreen cosmetics.'®*'®” The full-
spectrum Cannabis extracts contain carotenoids, particularly B-carotene, lutein, and zeaxanthin. These carotenoids have
antioxidant and UV-filtering properties because they are highly solubilised in the lipid bilayer membrane. Carotenoids
can enhance skin hydration, support skin rejuvenation, and stimulate fibroblasts to produce collagen and elastin.'®
Terpenes are unsaturated hydrocarbons that have a volatile nature and constitute the most significant category of organic
compounds found in plants. Although more than 200 terpenes have been discovered in Cannabis, there are three

monoterpenes (B-myrcene, D-limonene, and a-pinene) and one sesquiterpenoid (B-caryophyllene) that have been
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identified to exhibit important biological significance. f-myrcene, a-pinene and B-caryophyllene enhance CBD’s anti-
inflammatory effects by inhibiting the production of prostaglandin E2 through the COX-2 pathway.'®® Apart from their
individual effects, these Cannabis-derived terpenoids are believed to influence the effects of cannabinoids through the
entourage effect. The term refers to the ability of two or more cannabinoids or non-cannabinoids to have a more potent

synergistic effect when used together compared to when used separately.'®%!¢

What are Drug Delivery Systems?

The term “drug delivery systems” (DDSs) refers to a wide range of carriers designed to improve the selectivity of action
and the pharmacodynamic and pharmacokinetic properties of the drug. The vast majority of drugs currently in use are
low molecular weight compounds. They are distinguished by rapid metabolism and excretion from the human body, as
well as low selectivity of pharmacodynamic properties, necessitating the search for formulations capable of overcoming
the aforementioned challenges.'”® Furthermore, DDSs allow the modification of drug properties by increasing solubility,
preventing the drug from being transformed into an inactive form, resulting in a beneficial modification of pharmaco-
kinetics and biodistribution parameters.'’' The matrix material used as a carrier for the active substance must meet a
number of criteria, including nontoxicity, biocompatibility, non-immunogenicity, and lack of accumulation in the body.'”°
Furthermore, the size, surface character, drug bonding type, and presence of functional groups on the surface all play
important roles in DDSs action.'”?

Due to the type of connection between the polymer carrier and the active substance, two types of DDSs may be
distinguished; namely those obtained by the physical incorporation/absorption of the drug and the systems obtained by
conjugation of the drug to the carrier. The concept of the drug-polymer carrier conjugates was proposed by Helmut
Ringsdorf in 1975. The Ringsdorf’s model included a framework made of a biocompatible polymer combined with a
solubility-modifying group, a labelling element (antibody or another tropic group) ensuring transport to the target site of
action, and a drug (Figure 2).'”

The type of bonding between the polymer carrier and the drug is a critical parameter for the controlled drug release
characteristic, as it determines conjugates’ susceptibility to hydrolytic and enzymatic degradation.'”

It is worthwhile to mention the DDSs obtained through physical incorporation/adsorption carriers such as micelles, NPs
and liposomes. Polymeric micelles (PMs) (Figure 3) are spherical, colloidal nanosystems that spontaneously form in
aqueous solutions when the critical micelle concentration (CMC) of amphiphilic block copolymers is exceeded.'” In PMs,
the hydrophilic part of the copolymer faces outwards, while the lipophilic (hydrophobic) part forms the core. Conversely, in

reverse micelles, the lipophilic part is directed outwards, while the hydrophilic component faces the core.'”®

Antibody or other
tropic group

Solubilizer

Macromolecular matrix

Figure 2 Scheme of a polymer-drug conjugate structure (the Ringsdorf’s m¢:)del).I72
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Hydrophilic head
Hydrophobic tail
A Hydrophobic drug
B Hydrophilic drug

Figure 3 Schematic structure of polymeric micelles (PMs).'””

PMs are a promising group of carriers, particularly in the field of oncology. In preclinical studies, PMs demonstrated
significant potential as a vehicle for lipophilic drugs and small molecules in cancer treatment, as well as in tumor
imaging.'”® The physicochemical properties of PMs primarily depend on the type of used polymer together with the sizes
of their hydrophilic and lipophilic blocks. In PMs, the drug can be bonded to the core via electrostatic interactions with a
lipophilic drug molecule or it can be covalently bonded to the polymer chains. The perfect PM should possess an
excellent drug loading capacity, precise control over drug release, and exhibit biocompatibility and stability.'*

One of the most prominent DDSs are NPs. Similarly to the PMs, these are also spherical, colloidal structures with at
least one dimension below 100 nm.'”® Due to the mechanism of drug encapsulation, two types of carriers among NPs
may be distinguished - nanospheres and nanocapsules. Nanospheres are matrix structures, in which the active substance
is evenly dispersed (Figure 4A), while nanocapsules are systems, in which the active substance is enclosed in a polymeric
shell (Figure 4B).'%

Various physical interactions such as absorption, adsorption, as well as chemical bonding including covalent, ionic

and van der Waals forces, are employed to associate the active substance with NPs.'5?

181

Figure 4 Schematic structure of (A) polymeric nanosphere and (B) polymeric nanocapsule.
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Polymeric NPs have the ability to regulate drug release, protect the drug from adverse conditions, control bioavail-
ability, and improve therapeutic efficacy, making them promising carriers for a variety of drugs.'®* Furthermore, surface
modification of NPs enables precise drug targeting to specific sites, while avoiding interactions with blood morphotic
elements. This modification can be achieved by attaching monoclonal antibodies, antigens or other ligands capable of
influencing specific receptors.'®*

One of the most popular methods of surface functionalization of NPs is PEGylation. PEGylation was first described in
1977 when Abuchowski et al described the covalent association of polyethylene glycol (PEG) with bovine serum
albumin. This combination reduced the immunogenicity of the protein and established the basis for enzyme therapy,
which is often associated with severe side effects.'® Furthermore, Abuchowski and colleagues found that while using
bovine liver catalase covalently bound to PEG, the obtained complexes had a longer residence time in the blood (without
a significant reduction in enzyme activity) than self-administered catalase.'

Until now, many active substances and carriers modified with PEG have been described in the literature, including
proteins, peptides, enzymes, antibodies, and NPs. PEGylation improves the drug solubility and protects them from
enzymatic degradation and antibody recognition. Furthermore, it reduces renal elimination and extends the drugs’
residence time in the body.'®’

Last but not least, liposomes are considered very promising carriers for pharmaceutical purposes. Due to their
exceptional characteristics that encompass prolonging the half-life of the active substance, exerting control over drug
release kinetics, safeguarding the encapsulated molecules against physiological degradation as well as demonstrating
excellent biocompatibility.'**'%% Additionally, liposomes express the capability of selective transport to the target site via
active and/or passive targeting strategies, thereby diminishing systemic side effects, enhancing the maximal tolerated
dose and in consequence augmenting the therapeutic advantages.'°

Liposomes, initially identified by a British researcher Alec D. Bangham in the 1960s at the University of Cambridge, are
comprised of one or multiple lipid bilayers that encapsulate the hydrophilic core (Figure 5). Originally constituted solely of
natural lipids, liposomes nowadays encompass a combination of natural or/and synthetic lipids and surfactants.'”' The
lipophilic (hydrophobic) coating may be neutral in nature or contain modifying elements in the structure, ensuring specific
targeting.'*? The functionalization of liposomes can occur as a result of PEGylation, attachment of antibodies, peptides or
aptamers.'”’

Despite various aforementioned benefits that liposomes offer as DDSs, they also possess three crucial drawbacks -
instability, high potential of accumulation in the spleen and liver, and finally slow drug release.'* Numerous techniques
can be applied to enhance the stability of liposomes including modification of liposomal membrane, implementation of

protective coating and utilization of surfactants. Furthermore, with the use of biodegradable polymers as surface coatings

Hydrophilic head

Hydrophilic core

Hydrophobic tail

Figure 5 Schematic structure of |iposome.'93
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for liposomes it is possible to achieve enhanced delivery and release of the drugs, decreased oxygen exposure, thereby
higher stability, and consequently, prolonged circulation time.'*>

Recently, the primary application of polymers has been directed to the development of highly advanced DDSs, where
polymers serve as carriers for various active substances. Biodegradable polymers, in particular, are highly appealing for
the DDSs advancement due to their ability to decompose naturally within the human body. This distinguishing feature
eliminates the need for their removal or any additional procedures once they have been introduced. Furthermore,
biodegradable polymers provide the opportunity to create novel DDSs with highly specialized properties (physical,
chemical, and biological) through simple structural or preparation method modifications.'*® At this point, it is worthwhile

to start addressing the most common biodegradable polymers used in the development of the DDSs.

What is the Role of Biodegradable Polymers in the Development of Drug

Delivery Systems?

Polymers are commonly divided into three categories: synthetic, semi-synthetic and natural (also known as biopolymers).
Biopolymers can be further classified into those of plant and animal origin. Notable examples of biopolymers derived
from plants include cellulose (which serves as the fundamental building block of plant cell walls) and alginic acid (a
gelling agent found in species of red algae such as Gelidium amansii). Biopolymers originating from animals include
inter alia chitosan, which acts as the primary component of Invertebrate bone tissue.'®” All quoted biopolymers belong to
the group of polysaccharides, which is one of the most widespread groups of natural polymers. Due to the fact that they
expose noteworthy physicochemical and physiological properties, such as biodegradability and biocompatibility and,
thus can be utilized in the development of novel DDSs, they are worthwhile meticulous characterization.'*®

Cellulose is a natural polymer found abundantly in nature and is composed of repeating glucose units. It is the most
prevalent organic material and polysaccharide on Earth. Cellulose is commonly found in the form of microfibrils in wood and
plant cell walls, algae tissues, and the epidermal cell membranes of tunicates.'®® Bacteria can also produce cellulose in the
form of nanofiber networks. Cellulosic materials exhibit a hierarchical structure that spans from the nanoscale to macroscopic
dimensions, including fibril aggregates, fibrils, nanocrystallites, and nanoscale-disordered domains.**® Cellulose has a
complex multi-level structure consisting of bundles or aggregates of superfine fibrils. Each superfine fibril contains multiple
cellulose chains. The fibril itself is comprised of both large crystalline domains and small disordered, amorphous domains. The
cross-sectional dimension of the fibril ranges from 2 to 20 nm, depending on the synthesis source. Within a cellulose fibril, a
single cellulose chain passes through numerous crystalline and disordered domains, connected by strong B(1-4)-glycosidic
bonds. The crystalline domain of a cellulose fibril exhibits an impressive alignment of cellulose chains.*!

Due to its physical and mechanical properties, cellulose and its derivatives have garnered significant attention for
biomedical applications as biocompatible polymers. Cellulose naturally demonstrates functionality, flexibility, and high
specific strength due to its hierarchical structure. Additionally, it offers advantages such as low density, affordability, and
biodegradability. These cellulose-based materials allow for the manipulation of porosity and interconnectivity, which are
desirable in various biomedical applications. However, cellulose has some disadvantages for biomedical applications,
such as moisture sensitivity, insolubility in water and common solvents, and low resistance to microbial attack.
Nonetheless, this compound can be chemically modified by substituting its native hydroxyl groups with other functional
groups like acids, chlorides, and oxides. This modification addresses the less desirable properties of cellulose or creates
new desired characteristics.*

Another natural polymer widely used in biomedical applications is an alginate. This compound belongs to the
heteropolysaccharides and is composed of 1,4 linked B-D-mannuronic acid (M residue) and 1.4 linked o-L-guluronic

203

acid (G residue). It naturally occurs in the cell walls of Phaeophyceae sp., providing resilience and elasticity.”~ Alginate

possesses the unique property of forming hydrogel, which makes it an excellent thickener, stabilizer, emulsifier and gelling

agent.’**

Depending on the content of G and M residues in the alginate molecule, obtained hydrogel may be respectively
stiffer (at higher content of G residues) or softer.””> Generally, alginate is considered to be non-toxic, non-immunogenic and

biocompatible, however, molecules with a higher content of M residues may cause an immune response.’*®
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One of the first biomedical applications of alginate involved dressing materials, which prevent wound drying by
providing a moist environment, resulting in faster healing. At the same time, alginate dressings improve patient comfort
by reducing pain during dressing changes.”®’ In recent years alginate has gained importance in the scientific community due
to its capability to appear in different forms. Through easy modifications, it can form microspheres, microcapsules,
hydrogels, fibers and foams. This versatile characteristic expands the potential biomedical applications of alginate in fields
like drug delivery and tissue engineering.”® To achieve specific desired properties and functions such as cell compatibility,
gelation capability and appropriate mechanical strength, various chemical and physical modifications can be applied.**

The final natural polymer worth mentioning is chitosan (CS). CS is a plentiful biopolymer sourced from natural
chitin, which is widely found in the exoskeletons of arthropods, insects, crustacean shells and fungal cell walls.'”® In
terms of its structure, CS is a polysaccharide that contains native amine groups, which possess a positive charge. It is
composed of D-glucosamine and N-acetyl-D-glucosamine, that are randomly distributed in the chain via B-(1—4)
linkages. The presence of D-glucosamine is responsible for conferring its cationic nature at physiological pH.*'°

CS belongs to the group of biodegradable and biocompatible polymers. In the human body, it can be degraded by
endogenous enzymes, such as chitosanases and lysozymes, into smaller molecules such as oligosaccharides and
monosaccharides, which can be further absorbed by the organism. Moreover, CS demonstrates antibacterial properties,
as well as mucoadhesion, film formation capacity and lack of toxicity.”''*'> Regardless of its exceptional biological and
physicochemical features, its use in biomedical applications is highly limited due to poor solubility and weak mechanical
properties.”'® Nevertheless, several strategies have been devised in order to overcome these limitations by modifying the
CS structure. The presence of free amino and hydroxyl groups has been exploited to create diverse CS derivatives, which
exhibited enhanced water solubility.?'**'* Consequently, CS has found widespread application in numerous pharmaceu-
tical purposes, including controlled drug delivery, tissue engineering and creating novel cosmetic commodities.'°

Furthermore, CS has gained significant attention as a coating material for NPs, liposomes and other DDSs. The main
advantages of CS-coating include improvement of physicochemical stability, controlled drug release, increased mucoad-
hesion, increased cellular uptake and improvement of antimicrobial features.*'?

To summarize, the main advantages of natural polymers are their biocompatibility, lack of toxic effects, safety, low
cost, and widespread availability. Unfortunately, natural polymers are also characterized by extremely high volatility, the
possibility of heavy metal contamination, and microbiological contamination.?'®

As a result, synthetic biodegradable polyesters are a unique class of polymers that exhibit no cytotoxic, immunologic,
systemic, cardiogenic, or teratogenic effects when used in vivo. Their characteristics are intricately linked to their
chemical composition, morphology, and an average molecular weight (M,,). By judiciously choosing these parameters, it
is possible to create a drug carrier based on biodegradable polyester with distinct structural, microstructural and
physicochemical properties. This group comprises polymers such as polylactide (PLA), poly(e-caprolactone) (PCL),
polyglycolide (PGA) or lactide (LA), e-caprolactone (¢-CL) and glycolide copolymers.*'¢'7

The most widely used biodegradable polyesters are poly(lactic acid) and PLA. These polymers are composed of the
same repeating units, however, they are obtained through different chemical reactions. Poly(lactic acid) is synthesized via
direct polycondensation of lactic acid, while PLA is obtained through the Ring-Opening Polymerization (ROP) of a
cyclic dimer of lactic acid (so-called lactide).*'®

Currently, PLA has gained popularity in the production of biomedical materials and disposable goods such as food
packaging. PLA consists of two enantiomeric polymers, poly(D-lactide) (PDLA) and poly(L-lactide) (PLLA), which can
form stereocomplex crystals.*'”

PLLA belongs to the group of compounds that have been approved by the FDA.??° Its use in biomedical applications
has risen due to its biocompatibility and biodegradability. Both in vitro and in vivo, PLLA undergoes hydrolytic
degradation, which results in the formation of lactic acid and its short oligomers as by-products. The degradation
products of PLLA can later be integrated into Krebs’s cycle and be eliminated as carbon dioxide and water.?*!

Another biodegradable polymer worth mentioning is PCL, which is a semi-crystalline, linear aliphatic polyester
obtained by ROP of ¢-CL. PCL possesses a low melting point (7, = 59-64°C) and glass transition temperature (7

around —60°C), which both contribute to its favorable plastic properties.**?
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Compared to other aliphatic polyesters, PCL exhibits relatively higher elasticity, with Young’s modulus of 0.4-0.6
GPa (more than two times lower than that of PLA).?**?** As a result, PCL has inferior mechanical properties, which is
why it is very often modified by copolymerization with other monomers. PCL is a stable polyester that takes
approximately 2 to 4 years to degrade, making it one of the slowest degrading biodegradable polyesters. Its resistance
to hydrolytic degradation can be attributed to the presence of repetitive CH, groups within structural units, which delays
the degradation process unless exposed to long-term conditions favoring hydrolysis.”** In the human body, PCL is
hydrolyzed to 6-hydroxycaproic acid, which can be further metabolized through the citric acid cycle and eliminated. Due
to its properties, PCL has been used in the design of various DDSs and medical products such as sutures, subcutaneous
contraceptive implants, dressings and materials for filling root canal cavities in dentistry.?*’

Last but not least, PGA is another important biodegradable polymer obtained also by ROP. It is a thermoplastic, semi-
crystalline polyester characterized by a low glass transition temperature (Tg ~ 40°C) and a relatively high melting point
(T, ~ 230°C).**> PGA exhibits good mechanical properties, also it is both biodegradable and biocompatible. Its
hydrolytic degradation occurs within 6 weeks. Unfortunately, due to its high price, PGA has been a material less
frequently used than PLA and PCL. Furthermore, its highly crystalline structure makes it very poorly soluble in popular
organic solvents.?*® Nevertheless, PGA still remains one of the most promising biodegradable polyesters, therefore being
a point of interest for many researchers involved in the design of innovative DDSs.'°

In order to obtain biodegradable materials with specific structural, amphiphilic, mechanical or physicochemical
properties, copolymers prove to be useful. By varying the molar ratios of the monomers used, it is possible to obtain
a copolymer carrier with the desired specification utile for biomedical applications.**’

One of the most important biodegradable copolymers, which has been approved both by the FDA and the European
Medicines Agency (EMA), is poly(lactide-co-glycolide) (PLGA).**® In an aqueous environment, PLGA is degraded by
the hydrolysis of ester bonds, resulting in the formation of lactic and glycolic acids, which can later be incorporated into
Krebs’s cycle. This fact makes PLGA both a biocompatible and non-toxic copolymer.'?” Furthermore, the properties of
PLGA are closely related to the ratio of lactide to glycolide units in the copolymer chain, its M,, and chain microstructure.
All these factors can affect the degradation profile of PLGA, thus its potential for use in the development of DDSs.**

Another biodegradable copolymer worth mentioning is poly(lactide-co-e-caprolactone) (PLACL). PLACL combines
the mechanical properties of PCL with the rapid degradation of PLA.'?” These factors make PLACL widely used in the
design of membranes and scaffolds, which have found application in regenerative medicine.”>* Furthermore, the unique

features of PLACL make it an excellent material in the development of DDSs, such as sirolimus loaded polymer films,**

232 and protein loaded nanocapsules for oral delivery.>*

doxorubicin and ciprofloxacin pH-responsive fiber scaffolds
Last but not least, poly(glycolide-co-e-caprolactone) (PGACL) is a material that is stable in mechanically dynamic
environments and induces proper intercellular activities. Furthermore, PGACL is a significantly more flexible polymer than
PLGA, making it a suitable material for the development of scaffolds for blood vessels and other smooth muscle tissues.”**
To sum up, biodegradable polymers are an emerging group of materials used in the design of novel DDSs. By providing
biodegradability, biocompatibility and lack of toxic side effects combined with the possibility of achieving controlled

release of the drugs, they offer an interesting opportunity for the versatile administration routes of cannabinoids.

How to Unravel Cannabinoids’ Therapeutical Potential with the Use of

Biodegradable Polymeric Carriers?
Since cannabinoids exhibit high therapeutic potential in the treatment of various disorders, they have become a point of
interest for many researchers. Unfortunately, their use in classical pharmaceutical forms is limited by their physico-
chemical properties, rapid degradation, and reduced bioavailability. For that reason, many scientists have attempted to
create DDSs that would overcome the aforementioned difficulties.

The current review presents latest information gathered from an extensive literature investigation on biodegradable
polymers as carriers for cannabinoids delivery. The data was compiled using keywords and advanced search techniques,
as well as databases such as PubMed, Web of Science, Scopus, and Google Scholar.
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In the table below (Table 1), the details of innovative biodegradable polymer-based DDSs for cannabinoid delivery
have been collected. Importantly, both in vitro and in vivo data, as well as additional studies performed by the authors,
were summarized. Furthermore, the most interesting examples were acknowledged and investigated, with a particular
emphasis on the results obtained from in vitro and in vivo studies.

Poor oral bioavailability is a result of the low aqueous solubility of CBD when administered orally. Recently,
Shreiber-Livne et al conducted a study, in which the researchers managed to encapsulate CBD within NPs of a highly
hydrophobic PEG-5-PCL block copolymer. Furthermore, the pharmacokinetic properties of CBD were investigated in
male Sprague Dawley rats administered with the formulation orally. When compared to the free form of CBD, the use of
CBD-loaded NPs resulted in a ~20-fold increase of C,,,. Furthermore, the use of loaded NPs reduced the time to achieve
Ciax (Thmax) from 4 to 0.3 hours and increased the AUC of oral bioavailability by 14 times. This data emphasizes the
nanotechnology strategy’s ability to enhance CBD’s oral performance with minimal systemic side effects.**’

Muresan et al examined the anti-nociceptive effects of two distinct CBD formulations with an emphasis on intrathecal
delivery of the CBD. Two formulations were used: triblock star co-polymer 3-arm PEG14-(LA);99 NPs and an oil-in-
water nanoemulsion (NE). The researchers observed that both of the CBD formulations maintained in the spinal cord and
reached high concentrations in the brain within 10 minutes of intrathecal treatment during pharmacokinetics investiga-
tions on adult male Sprague Dawley rats. While the polymeric NPs established their T, at 30 minutes, the CBD NE
reached its C,,4x in the brain in 120 minutes. In comparison to blank formulations, the two CBD formulations discussed
above demonstrated immediate anti-nociceptive effects. This study reveals the potential advantages of CBD encapsula-
tion in a variety of cannabinoid applications once again.**®

Researchers have focused on the anti-tumorigenic properties of CBD in bladder cancer in a different study carried out
by Chen et al. Using an emulsion solvent evaporation approach, researchers have developed two nano-sized CBD
carriers: PLGA NPs and PLGA CS-coated NPs. The obtained PLGA NPs and PLGA-CS coated NPs were spherical in
shape, had an average size of 192.90 £+ 2.41 nm and 287.20 = 0.90 nm, zeta potential ({) of —6.27 = 0.93 mV and 3.37 +
0.16 mV, and entrapment efficiency (EE) of 70.3 £ 0.7% and 78.5 £ 0.8% respectively. Furthermore, researchers have
performed in vitro drug release studies in two different pH media - pH 5.0, which represented liposome and pH 6.5,
which mimicked urine and tumor microenvironment. In both media, PLGA NPs showed an initial burst release within 15
h, followed by a sustained release lasting up to 110 h. The drug release kinetics in the case of PLGA-CS coated NPs
showed a sustained pattern, with each release profile pointing to a slow release of the drug. During cytotoxicity studies of
CBD PLGA NPs, evaluated in the human urothelial bladder cancer cell line (T24) and human uroepithelial cell line (SV-
HUC-1), researchers established that both of the formulations can successfully inhibit the proliferation of T24 cells, at the
same time causing no adverse impact on SV-HUC-1 cells. Moreover, the CS coating allowed the PLGA NPs to adhere to
the bladder wall, creating a new and effective long-term treatment for uro-oncology.>*

The research conducted by Monou et al exemplified the potential of cannabinoids in antimicrobial and wound-healing
formulations. Scientists have developed NPs encapsulated CBD and cannabigerol (CBG) using Pluronic-F127 (PF127).
NPs showed a high value of EE and were uniformly sized, with a diameter of less than 200 nm. The obtained NPs were
additionally added to 3D printed films containing sodium alginate. In vitro release studies have shown a prolonged
release of both, CBD and CBG, whereas CBG NPs loaded films exhibited zero-order kinetics. Further, aneuploid
immortal keratocyte cell lines (HaCaT) were subjected to an in vitro cell scratch assay using various concentrations of
cannabinoid-loaded NPs. In the first 6 hours, the percentage of wound area decreased for both cannabinoids and all
concentrations applied. Nonetheless, following that, the wound areas for all concentrations were larger than the initial
measurements. The results show that CBD and CBG NPs do not have significant wound healing capabilities in vitro, but
they do have a brief impact on the healing process. To verify the potential wound-healing properties of CBD and CBG,
more investigations are necessary.”*’ In addition, the antibacterial efficacy against three common pathogens (E. coli, S.
aureus, and a Bacillus spp.) of the CBG and CBD formulations (5 mg/mL) was assessed using the agar diffusion method
with filter paper discs. It is worth noting that both formulations exhibited inhibition of S. aureus and Bacillus spp. strains,
suggesting that the two cannabinoid formulations were released into the medium. However, there was no inhibition

observed on E. coli. Moreover, it was observed that CBG exhibited a slightly stronger antibacterial effect against S.
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Table | The Innovative Biodegradable Polymers-Based DDSs for Cannabinoids Delivery

Type of DDS Drug Polymer Size, Zeta In vitro Studies In vivo Studies Additional Studies Reference
used in the potential () and
Formulation Entrapment Release Cell Line Cell Viability Animal Cell Pharmacokin Pharmacodyn
Efficiency (EE) Kinetics Tested Model Line etics Study amics Study
Nanoparticles CBD PLGA 192.90 + 241 nm In PBS pH 6.5: T24 and SV- In T24 cells: - - - - About 80% of mucin [235]
(NPs) EE=7031 +0.69% about 45% of HUC-1 at a concentration of binding efficiency;
{=-6.270 £ 0.927 the drug was 50 uM, after 48h, cell about 25% of cellular
mV released viability was approximately uptake within 2h.
within 24h. 20%.
In PBS pH 5.0: In SV-HUC-1 cells:
about 65% of at a concentration of
the drug was 50 pM, after 48 h, cell
released viability was
within 24h. approximately 90%.
Nanoparticles CBD PLGA CS 287.20 + 0.90 nm In PBS pH 6.5: T24 and SV- In T24 cells: - - - - About 95% of mucin [235]
(NPs) coated EE =7852 + 0.82% about 7% of HUC-1 at a concentration of binding efficiency;
{=3370+0.158 mV the drug was 50 uM, after 48h, cell about 75% of cellular
released viability was uptake within 2h.
within 24h. approximately 40%.
In PBS pH 5.0: In SV-HUC-| cells:
about 7% of at a concentration of
the drug was 50 pM, after 48 h, cell
released viability was
within 24h. approximately 80%.
Nanoparticles CBD PLGA 240.1 £ 10.1 nm - THP-1, In THP-1 cells: - - - - NPs reduced the [236]
(NPs) EE=82% HMC3 at a concentration 0.1 mg/ inflammatory
{=-21.5£0.60 mV mL NPs exhibited cytotoxic response in PCC
effects. Lower cells. NPs restored
concentrations were not mitochondrial
cytotoxic. functions in Mito
In HMC3 cells: at a Stress assay.
concentration of 0.1 mg/mL
significant reduction in
dsDNA concentration,
while no differences in
metabolic activity.
Nanoparticles CBD PLGA RG® 236 = 12 nm In PBS pH 7.4 SKOV-3 1Cso = 29.64 + 2.94 uM CAM (fertilized SKOV-3 - About 80% tumor CBD NPs were [237]
(NPs) 502 {=-166%12mV around 100% (after 24h) chicken eggs) growth inhibition. stable during
EE = 95.23 + 3.30% of the drug ICso = 20.88 + 1.25 uyM 3 months of storage.
was released (after 48h) In Western Blot CBD
within 96h. NPs have shown
higher PARP cleavage
compared to the
CBD solution.
(Continued)
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Table | (Continued).

Type of DDS Drug Polymer Size, Zeta In vitro Studies In vivo Studies Additional Studies Reference
used in the potential (C) and
Formulation Entrapment Release Cell Line Cell Viability Animal Cell Pharmacokin Pharmacodyn
Efficiency (EE) Kinetics Tested Model Line etics Study amics Study
Nanoparticles CBD PEG 014 121.8 = I.I nm - - - Sprague-Dawley - Pharmacokinetic - CBD NPs were [238]
(NPs) (LA) 100 (=-399 mv male adult rats parameters in the stable during 31 days
EE = 46.04% brain: of storage, with no
Crnax = 94 nglg significant change in
Timax = 30 min particle size. The
AUC, _ 4 = 7341 electromyography
nglg has shown the
Biodistribution alleviation of pain
assay has shown within [0 minutes
the following after intrathecal
mass of CBD in injection of CBD
each tissue: NPs.
Spinal cord 7761
ng
Brain 2| ng
No detectable
CBD in spleen
and liver.
Nanoparticles CBD PEG-b-PCL At 25°C: In HCI pH 1.2: - - Sprague Dawley - Pharmacokinetics - - [239]
(NPs) 79 £ | nm about 10% of male rats data after oral
51 %1 nm the drug was administration:
{=-150%+02mV released Tmax =032 0.1 h
At37°C: within 2h. Crax =210 £ 4.1
63 = | nm In PBS pH 6.8: ng/mL
40 = | nm about 80% of AUC25 24n =
{=-24003mV the drug was 51.9 £ 14.0 ng/mL
EE =102 + 2% released x h
within lh.
Nanoparticles CBD PFI27 166 nm In PBS pH 7.4 HaCaT NPs at a concentration of - - - - pH value of the [240]
incorporated EE = 99.35 + 2.35% films 4, 8 and 0.1 mg/mL did not exhibit obtained films was
into 3D- Films’ thickness - 12 mg/mL cytotoxicity within 24 h. 6-7. In vitro wound

printed alginate
film

0.8 + 0.002 mm
Films” weight - 0.73
+0.15¢g
Films’ porosity -
11.00 + 0.002

released about
90%, 85% and
80% of the
drug within 7
h respectively.

At concentration of 0.1 mg/
mL around 40% cell viability
after 48h.

NPs cytotoxicity is strongly
connected to their

concentration.

healing assay showed
short-term effects on
the healing process.
In vitro, the study of
antibacterial activity
showed the following
growth inhibition
zones:

S. aureus - 12.7 £
1.2 mm
Bacillus spp.- 11.7 £
0.6 mm
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Nanoparticles CBG PF127 188 nm In PBS pH 7.4: HaCaT NPs at a concentration of - - pH value of the [240]
incorporated EE = 98.39 + 1.87% films 4, 8 and 0.1 mg/mL did not exhibit obtained films was
into 3D printed Films’ thickness - 12 mg/mL cytotoxicity within 48 h. 6-7. In vitro wound
alginate film 0.8 + 0.002 mm released 35%, NPs cytotoxicity strongly healing assay showed
Films” weight - 0.73 33% and 21% connected to their short-term effect on
+0.15¢g of the drug concentration. the healing process.
Films’ porosity - within 7 h In vitro study of
11.00 + 0.002 respectively. antibacterial activity
showed following
growth inhibition
zones:
S. aureus - 13.3
+1.5 mm
Bacillus spp.- 10.3 +
0.6 mm
E coli-7.0 0.1 mm
Microspheres CBD PCL For formulation 15/ In PBS pH 7.4 MDA-MB-231 For formulation 15/150 - - - [241]
150 (drug/polymer about 20% of (drug/polymer ratio):
ratio): the drug was About 50% after 9 days.
54.81 £ 2221 ym released from For formulation 30/150
EE = 99.09 + 5.14% both (drug/polymer ratio):
For formulation 30/ formulation About 60% after 9 days
150 (drug/polymer within 24h.
ratio):
51.10 £ 21.60 ym
EE = 10441 £
5.20%
Microsphere CBD PLGA RG® 11.6 £ 1.3 pm In PBS pH 7.4: Mesenchymal MTT assay have not shown Adult male Wistar Histological study of | In qRT-PCR study the [242,243]
incorporated 503H EE = 70.12 + 4.46% 71.25 + 3.28% stem cells any changes in cell viability. rats newly formed microsphere
gelatin/nano- of the drug tissues showed incorporated scaffold
hydroxyapatite was released higher degree of showed higher
scaffolds from the tissue formation in expression of OCN
microspheres the group treated compared to free
within 25 days. with microsphere scaffold and control.
4437 £ 4.15% incorporated
of the drug scaffold.
was released Histomorphometry
from the study showed the
scaffold within highest density of
25 days. osseous and
cartilaginous tissues
in the group treated
with microsphere
incorporated
scaffold.
(Continued)
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Table | (Continued).

Type of DDS Drug Polymer Size, Zeta In vitro Studies In vivo Studies Additional Studies Reference
used in the potential () and
Formulation Entrapment Release Cell Line Cell Viability Animal Cell Pharmacokin Pharmacodyn
Efficiency (EE) Kinetics Tested Model Line etics Study amics Study
Microparticles CBD PCL 50 pm In PBS pH 7.4: - - Athymic nude mice U87MG - CBD-loaded Immunofluorescence [244]
EE =99.09 + 5.14% about 90% of microparticles study showed
the drug was caused tumor reduced cancer cell
released growth inhibition proliferation,
within 10 days. and reduction in enhanced apoptosis
tumor volume and and decreased tumor
weight. vascularization.
Microparticles CBD PLGA RG® 24.17 £ 232 ym In PBS pH 7.4 MCF-7 and In MCF-7 cells: CAM (fertilized MDA- - About 70% tumor - [245]
502 EE = 94.62 + 4.62% about 95% of MDA-MB-231| Around 40% cell viability chicken eggs) MB-231 growth inhibition.
the drug was after 2 days. Around 1.8-fold
released In MDA-MB-231 cells: reduction in tumor
within 42 days. About 30% cell viability growth.
after 2 days.
Microparticles CBD PLGA RG® 24.12 £ 1.25 pym In PBS pH 7.4: - - - - - - - [245]
504 EE = 57.63 + 6.34% about 80% of
the drug was
released
within 42 days.
Microparticles CBD PLGA 8l + 8 pm - hDPCs No cytotoxicity against - - - - Antibacterial assay [246]
embedded in EE =520 + 0.3% hDPCs cells. against S. aureus
CS/PVA showed no bacterial
hydrogel inhibition for 2.5%
PLGA-CBD
microparticles
formulation. Higher
concentration of
PLGA-CBD
microparticles in
hydrogels exhibited
increased
antimicrobial activity.
Micelles CBD Cinnamyl 51.0 £ 1.8 nm In PBS pH 7.4 HL-60 and Against HL-60: - - - - CBD was loaded [247]
modified {=-661 £3.10mV about 35% of HUT-78 1Cs0 = 3.00 pg/mL during micelle
polyglycolide/ EE = 95.0% the drug was Against HUT-78: formation.
PCL released 1Cs0 = 8.30 pg/mL
PGso-b-PPO4- within 24h.
b-[P(CyCL)4-
o-(CL)4o]-b-
PPO4-b-PGso

|e 19 [e4a1q05

aro(q


https://www.dovepress.com
https://www.dovepress.com

a0

61:470T UIDIP3WOUEN| JO [eUInO| [euoEBUIAIU|

:sdyy

6797

Micelles CBD Cinnamyl 57.0 £ 1.4 nm In PBS pH 7.4: HL-60 and Against HL-60: CBD was loaded into [247]
modified §=4.19 £ 250 mV about 40% of HUT-78 1Cs0 = 3.20 pg/mL preformed micelles.
polyglycolidol/ EE = 92.0% the drug was Against HUT-78:
PCL released 1Cs0 = 8.00 pg/mL
PGgo-b-PPO,4- within 24h.
b-[P(CyCL)4-
0-(CL)4o]-b-
PPO4-b-PGsg
Micelles CBD Polyglycolidol/ 56.0 £ 2.7 nm In PBS pH 7.4 HL-60 and Against HL-60: CBD was loaded [247]
PCL {=-261+£2.10mV about 50% of HUT-78 1Cs0 = 2.33 pg/mL during micelle
PGys-b- EE = 91.0% the drug was Against HUT-78: formation.
PCL35-b-PGys released 1Cs0 = 5.26 pg/mL
within 24h.
Micelles CBD Polyglycolidol/ 50.0 £ 3.8 nm In PBS pH 7.4: HL-60 and Against HL-60: CBD was loaded into [247]
PCL =290 + 240 mV about 60% of HUT-78 1Cs0 = 2.29 pg/mL preformed micelles.
PGys-b- EE = 82.0% the drug was Against HUT-78:
PCL35-b-PGys released 1Cs0 = 5.17 pg/mL
within 24h.
(Continued)
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Table | (Continued).

Type of DDS Drug Polymer Size, Zeta In vitro Studies In vivo Studies Additional Studies Reference
used in the potential () and
Formulation Entrapment Release Cell Line Cell Viability Animal Cell Pharmacokin Pharmacodyn
Efficiency (EE) Kinetics Tested Model Line etics Study amics Study
Nanoemulsion CBD (& Droplet size - WSI MTT assay has not shown - - - - Ex vivo skin [248]

(NE)-filled
hydrogel

| mg CBD/g of NE:

126 + 3 nm

5 mg CBD/g of NE:

102 £ 3 nm

any changes in cell viability
and cytotoxicity at a
concentration of 0.5 to |.5
mg/mL.

penetration
parameters:

For NE:
Steady-state flux -
403.37 + 130.09 pg/
cm?h!

Qjson = 572.56 +
211.11 pglem?
Permeation
coefficient - 80.67 £
21111 mglem?h
For NE-filled
hydrogel:
Steady-state flux -
475.68 + 162.57 pg/
cm*h”!

Qson =709.22 £
220.62 pg/em?
Permeation
coefficient - 95.14 £
32.51 mglem?h.
Tape stripping
experiments:
For NE:

Total amount of CBD
recovered in the
stratum corneum -
3853.20 + 543.06 ng/
cm?
Achieved penetration
depth - 10.493 +
3.958 uym
For NE-filled
hydrogel:

Total amount of CBD
recovered in the
stratum corneum -
274541 + 1022.44
ng/cm2
Achieved penetration
depth - 14.644 +
8.338 pm
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Nanoparticles CBI3 PLGA Particle size within In PBS pH 7.4: Caco-2 Negligible growth Cd/57 male mice Biodistribution Mucoadhesion tests [249]
(NPs) range 253-344 nm about 60% of inhibition. Around 100% assay showed performed on
EE ~ 70% the drug was cell viability after 24h. following duodenum, jejunum
Strongly negative released percentage of and ileum sections
within |5 days. nanoparticles in showed respectively
each tissue (after 55%, 30% and 12% of
24 h): mucoadhesion.
Heart ~ 15%
Liver ~ 30%
Spleen ~30%
Lungs ~ 5%
Kidney ~ 5%
Brain ~ 20%
Nanoparticles CBI3 PLGA CS EE~71% In PBS pH 7.4: Caco-2 Negligible growth Cd/57 male mice Biodistribution Mucoadhesion tests [249]
(NPs) modified Strongly positive { about 50% of inhibition. Around 100% assay showed performed on
the drug was cell viability after 24h. following duodenum, jejunum
released percentage of and ileum sections
within 15 days. nanoparticles in showed respectively
each tissue (after 85%, 60% and 15% of
24 h): mucoadhesion.
Heart ~ 15%
Liver ~ 30%
Spleen ~30%
Lungs ~ 5%
Kidney ~ 5%
Brain ~ 20%
Nanoparticles CBI3 PLGA EE ~ 83% In PBS pH 7.4: Caco-2 Negligible growth Cd/57 male mice Biodistribution Mucoadhesion tests [249]
(NPs) Eudragit® RS Strongly positive { about 35% of inhibition. Around 100% assay showed performed on
modified the drug was cell viability after 24h. following duodenum, jejunum
released percentage of and ileum sections
within 15 days. nanoparticles in showed respectively
each tissue (after 75%, 35% and 10% of
24 h): mucoadhesion.
Heart ~ 5%
Liver ~ 25%
Spleen ~50%
Lungs ~ 5%
Kidney ~ 5%
Brain ~ 15%
Nanoparticles CBI3 PLGA EE ~ 81% In PBS pH 7.4: Caco-2 Negligible growth - - - [249]
(NPs) Lecithin Slightly negative { About 90% of inhibition. Around 100%
modified the drug was cell viability after 24h.
released
within 15 days.
(Continued)
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Table 1 (Continued).

Type of DDS Drug Polymer Size, Zeta In vitro Studies In vivo Studies Additional Studies Reference
used in the potential () and
Formulation Entrapment Release Cell Line Cell Viability Animal Cell Pharmacokin Pharmacodyn
Efficiency (EE) Kinetics Tested Model Line etics Study amics Study
Nanoparticles CBI3 PLGA Vitamin EE ~ 76% In PBS pH 7.4 Caco-2 Negligible growth - - - - - [249]
(NPs) E modified Slightly negative { about 80% of inhibition. Around 100%
the drug was cell viability after 24h.
released
within 15 days.
Nanoparticles CBI3 PLGA EE = 734 £ 8.0% In PBS pH 7.4 Caco-2 and Around 100% cell viability - - - - Blood compatibility [250]
(NPs) about 50% of THPI of Caco-2 cells. studies showed

the drug was
released
within 150

minutes.

haemocompatibility,
no significant effect
on haemolysis,
complement system
activation, plasma
clotting time and sP-
selectin release
levels. Around 25
particles per cell in
cellular uptake study
in Caco-2 cells.
Cellular uptake study
in THPI cells showed
the best results for
PLGA NPs,
compared to CS
coated PLGA NPs
and PEG-ylated
PLGA NPs.
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Nanoparticles
(NPs)

CBI3

PLGA CS

coated

EE=75372%

In PBS pH 7.4
About 45% of
the drug was
released
within 150

minutes.

Caco-2 and
THPI

Around 100% cell viability

of Caco-2 cells.

Blood compatibility
studies showed
haemocompatibility,
no significant effect
on haemolysis,
complement system
activation, plasma
clotting time and sP-
selectin release
levels. Around 100
particles per cell in
cellular uptake study
in Caco-2 cells.
Cellular uptake study
in THPI cells showed
the best results for
PLGA NPs,
compared to CS
coated PLGA NPs
and PEG-ylated
PLGA NPs.

[250]

Nanoparticles
(NPs)

CBI3

PEG-ylated
PLGA

EE =794 + 9.0%

In PBS pH 7.4:
about 45% of
the drug was
released
within 150

minutes.

Caco-2 and
THPI

Around 100% cell viability
of Caco-2 cells.

Blood compatibility
studies showed
haemocompatibility,
no significant effect
on haemolysis,
complement system
activation, plasma
clotting time and sP-
selectin release
levels. Around 5
particles per cell in
cellular uptake study
in Caco-2 cells.
Cellular uptake study
in THPI cells showed
the best results for
PLGA NPs,
compared to CS-
coated PLGA NPs
and PEG-ylated
PLGA NPs.

[250]
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Table | (Continued).

Type of DDS Drug Polymer Size, Zeta In vitro Studies In vivo Studies Additional Studies Reference
used in the potential () and
Formulation Entrapment Release Cell Line Cell Viability Animal Cell Pharmacokin Pharmacodyn
Efficiency (EE) Kinetics Tested Model Line etics Study amics Study
Nanoparticles CBI3 PLGA 196.0 + 12.6 nm In HCI - - Adult male Harlan - - Studies in an animal - [251]
(NPs) {=-314+£589mV medium pH Sprague-Dawley neuropathic pain
EE =734+ 8.0% 2.0: rats model showed a
about 2% of significant, dose-
the drug was dependent analgesic
released effect that was kept
within 30 for up to 3 days.
minutes.
In PBS pH 7.4
about 58% of
the drug was
released
within |5 days.
Nanoparticles CBI3 PLGA-PEG 207.6 £ 24.5 nm In HCI - - Adult male Harlan - - Studies in an animal - [251]
(NPs) (=-2497 £ 411 medium pH Sprague-Dawley neuropathic pain
mV 2.0: rats model showed the
EE = 80.1 + 8.2% about 6% of dose-dependent
the drug was analgesic effect that
released was kept up to |1
within 30 days (at 6.8 mg/kg).
minutes.
In PBS pH 7.4:
about 90% of
the drug was
released
within |5 days.
Nanoparticles CBI3 PLGA PEG- 654.4 + 185.5 nm In HCI - - Adult male Harlan - - Studies in an animal - [251]
(NPs) coated (=045 +3.18mV medium pH Sprague-Dawley neuropathic pain
EE =794 £ 9.0% 2.0: rats model showed a

about 6% of

the drug was
released
within 30
minutes.

In PBS pH 7.4

about 82% of
the drug was

released

within 15 days.

significant analgesic
effect that was kept
up to 5 days (at 6.8
mg/kg), a significant
antinociceptive
effect compared to
free CBI3 after 9h
and mechanical
antihypertensive
effect maintained

for up to 5 days.
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Nanoparticles THC PLGA 290.10 £ 60.30 nm In PBS pH 7.4 A-549 and In the MRC-5 cell line - - - Blood compatibility [252]
(NPs) {=-3478 + 598 about 60% of MRC-5 around 100% cell viability at studies showed
mV the drug was all THC concentrations. haemocompatibility,
EE =955 + 0.2% released In A-549 cell line around no significant effect
within 10 days. 90% cell viability at a 50 pM on haemolysis,
concentration of THC. complement system
activation, plasma
clotting time and sP-
selectin release
levels.
Nanoparticles THC PLGA CS 746.89 £ 100.76 nm | In PBS pH 7.4: - - - - - - [252]
(NPs) coated (=782l £7.65mV about 60% of
EE = 96.3 + 0.6% the drug was
released
within 10 days.
Nanoparticles THC PEG-ylated 587.90 + 98.01 nm In PBS pH 7.4 A-549, MRC- In A-549 cells: Immunocompetent LL2 No statistically Blood compatibility [252]
(NPs) PLGA (=046 £ 0.06 mV about 85% of 5and LL2 ICso = 42.3+29.3 yM female C57BL/6 significant studies showed
EE =974+ 0.3% the drug was Around 40% cell viability at mice differences in tumor haemocompatibility,
released 50 uM concentration of volume reduction no significant effect
within 10 days. THC. and cumulative on haemolysis,
In MRC-5 cells: survival were found. complement system
ICsp = 76.2 + 20.6 M activation, plasma
Around 70% cell viability at clotting time and sP-
50 pM concentration of selectin release
THC. levels.
In LL2 cells: greater
reduction in cell viability in
comparison to free THC.
Nanoparticles THC PEG-ylated 789.67 + 95.32 nm In PBS pH 7.4: A-549 and In MRC-5 cell line around - - - Blood compatibility [252]
(NPs) PLGA CS {=534+098 mV about 65% of MRC-5 100% cell viability at all studies showed
coated EE =949 + 0.8% the drug was THC concentrations. haemocompatibility,
released In A-549 cell line around no significant effect
within 10 days. 70% cell viability at 50 uM on haemolysis,
concentration of THC. complement system
activation, plasma
clotting time and sP-
selectin release
levels.
Microparticles THC PCL 50 ym In PBS pH 7.4: - - Athymic nude mice | U87MG THC-loaded Immunofluorescence [244]
EE = 84.55 + 13.6% about 80% of microparticles study showed
the drug was caused tumor reduced cancer cell
released growth inhibition proliferation,
within 10 days. and reduction in enhanced apoptosis
tumor volume and and decreased tumor
weight. vascularization.
(Continued)
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Table | (Continued).

Type of DDS Drug Polymer Size, Zeta In vitro Studies In vivo Studies Additional Studies Reference
used in the potential () and
Formulation Entrapment Release Cell Line Cell Viability Animal Cell Pharmacokin Pharmacodyn
Efficiency (EE) Kinetics Tested Model Line etics Study amics Study
Gel THC (& - In PBS pH 6.0: - - Male New Zealand - Crax = 31 £ 4 ng/ - Chitosan gel slightly [253]
50% of the albino rabbits mL increased
drug was Tmax = 45 min bioavailability of THC
released AUC) min - = = after nasal
within lh. The 3759 £ 776 ng/ administration,
release mL/min compared to solution
exhibited first- V4 = 9037 + 4287 of THC.
order kinetics. ml/kg
Clearance = 41.5
+ 8.7 mL/min/kg
Nanoparticles CBD-rich PEG-b-PCL 63.8 nm In PBS pH 7.4 - - Female Swiss albino - - Sustained, stronger Acute toxicity test [254]
(NPs) Cannabis EE = 99.9% around 50% of mice analgesic effect, showed no signs of
extract the drug was reduction of toxic effects after
released thermal hyperalgesia oral administration.
within 24h. and mechanical
allodynia compared
to non-encapsulated
extract.
Micelles Cannabis PEG-b-PCL 63.7 £ 3.7 nm In PBS pH 7.4 - - Female Swiss albino - - Lack of adverse In vitro [255]
sativa EE = 49.6 + 0.5% about 80% of mice effects. In the gastrointestinal
extract the drug was electronic von Frey stability assay has
(73.16% released test micelles shown no significant
wiv of within 120h. enhanced the changes in the
THQC) analgesic effect of particle size.

THC and provided
sustained effect up
to 24h. Micelles
provided 50% pain
protection in
phenylquinone-
induced writhing

test.
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Micelles Cannabis m-PEG-b-P 46.8 £ 5.6 nm In PBS pH 7.4 Female Swiss albino Lack of adverse In vitro [255]
sativa (CL-co-MPC) EE =594 +27% about 90% of mice effects. In the gastrointestinal
extract bearing oleyl the drug was electronic von Frey stability assay has
(73.16% derivatives released test micelles shown no significant
wiv of within 120h. provided sustained changes in the
THC) analgesic effect up particle size.

to 48h. Micelles
provided 67% pain
protection in
phenylquinone-
induced writhing
test.

Micelles Cannabis m-PEG-b-P 479 + 6.5 nm In PBS pH 7.4: Female Swiss albino Lack of adverse In vitro [255]
sativa (CL-co-MPC) EE = 47.0 + 2.8% about 70% of mice effects. In the gastrointestinal
extract bearing lauryl the drug was electronic von Frey stability assay has
(73.16% derivatives released test the highest shown no significant
wilv of within 120h. analgesic effect was changes in the
THC) observed |h and 2h particle size.

post administration.
Micelles provided
74% pain protection
in phenylquinone-
induced writhing
test.

Microcapsules Full- Alginate CS 460 + 250 pm Release study - - Stability study [256]
spectrum coated {=15x6mV was exhibited t;,
Cannabis EE between 86% performed in between 2 and 5
extract: and 104% simulated weeks, except CBD

THC, gastric fluid. In (60 days), THCA (90
THCA, gastric phase days) and CBN (170
CBN, about 13-21% days).
CBNA, of the
CBD, cannabinoids
CBDA, was released.
CBG, In the
CBGA, intestinal
CBC, phase a burst
CBCA release was
observed,
followed by a
sustained
release
(between 73%
and 93%).
(Continued)
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Table | (Continued).

released within 14
days.

Type of DDS Drug Polymer Size, Zeta In vitro Studies In vivo Studies Additional Studies Reference
used in the potential () and
Formulation Entrapment Release Cell Line Cell Viability Animal Cell Pharmacokin Pharmacodyn
Efficiency (EE) Kinetics Tested Model Line etics Study amics Study
Microdepot Full- PCL 257.80 + 2.49 ym In PBS pH 7.4: - - Adult male mice - Sustained drug - In anticonvulsant [257]
spectrum EE between 90% 70% of CBD, delivery with activity study in mice
Cannabis and 103.5% 52-64% of close to zero- microdepots showed
extract: CBDV, CBG, order kinetics higher survival rates,
CBD, THC and CBC during 1% week increased latency to
CBDA, was released and slower first tonic-clonic
THC, within 21 days. release rate seizure and reduction
CBG, within 2" week. in the incidence of
CBC, About 90% of tonic-clonic seizures
CBDV, CBDV and CBG, compared to the
CBDVA, 80% of CBC and group administered
THCV, CBD, 60% of with Cannabis
CBGA THC was extract.

Abbreviations: A-549, human lung adenocarcinoma cell line; AUC, area under the curve; Caco-2, human colon adenocarcinoma cell line; CBC, cannabichromene; CBCA, cannabichromenic acid; CBDA, cannabidiolic acid; CBDV,
cannabidivarin; CBDVA, cannabidivarinic acid; CBGA, cannabigerolic acid; CBN, cannabinol; CBNA, cannabinolic acid; C,,,x, maximum concentration of the drug; hDPCs, primary human dental pulp cells; HMC3, human microglial cell
line; HL-60, acute myeloid leukemia cell line; HUT-78, Sezary Syndrome cell line; ICsq, drug concentration required to inhibit 50% of cell growth; LL2, murine lung cancer cell line; MCF-7, oestrogen receptor positive breast cancer cell
line; MDA-MB-231, oestrogen, progesterone and HER-2 receptors negative breast cancer cell line; MRC-5, human embryo lung fibroblast cell line; OCN, anti-osteocalcin antibody; PCC, primary cortical cells; PBS, phosphate-buffered
saline; Qsop, cumulative amount of CBD permeated through the skin at the end of the 30 h of the experiment; THCA, A’-tetrahydrocannabinolic acid; THCV, (-)-trans-A’-tetrahydrocannabivarin; THP I, human monocytic cell line; Tma
time to reach maximum concentration of the drug; U87MG, human glioma cells; V4, volume of distribution; WSI, human normal skin fibroblast cell line.
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aureus, while CBD demonstrated a better impact on the tested Bacillus spp. strains. The authors concluded that additional
specialized research is necessary to elucidate the differences in antibacterial activity between these two cannabinoids.**

In continuity, Fraguas-Sanchez and coauthors established CBD-loaded PLGA NPs using the emulsion solvent
evaporation technique for intraperitoneal application in the treatment of ovarian cancer.”*? The products obtained had
an average particle size of 236 + 12 nm and { value of —16.6 + 1.2 mV. The biodegradable NPs delivered high CBD
concentrations in a controlled manner for more than 96h during the in vitro release study and exhibited stability for at
least three months of storage. Furthermore, obtained NPs were assessed in the in vitro cell culture experiments with the
use of an epithelial ovarian cancer cell line (SKOV-3). The encapsulated form of CBD maintained its ability to prevent
the growth of ovarian cancer cells and had a lower ICsy compared to the solution form. During Western Blot analysis
both CBD in its solution form as well as CBD NPs triggered the activation of poly(ADP-ribose) polymerase (PARP),
indicating the initiation of cell apoptosis. In an experimental model using SKOV-3-derived tumors in the chorioallantoic
membrane (CAM) of fertilized chicken eggs, there was an insignificantly higher level of inhibition of tumor growth
observed with CBD NPs compared to CBD solution.?*’

An interesting study was described by Kamali et al, which investigated the potential of CBD-loaded PLGA micro-
spheres incorporated into gelatin/nano-hydroxyapatite scaffolds in the treatment of critical-sized bone defects. The
obtained microspheres were spherical, with an average size of 11.6 £ 1.3 um and EE of 70.1 + 4.5%. The in vitro
release characteristics showed that both PLGA microspheres and scaffold incorporated with PLGA microspheres could
continuously release the drug for 25 days. In in vivo studies, gross views of the harvested radial bones from adult male
Wistar rats were evaluated after 4- and 12-weeks post-surgery and the macroscopical score was assessed based on newly
formed tissues at the 12™-week post-surgery. The researchers discovered that bone defects treated with a gelatin/nano-
hydroxyapatite scaffold but not with CBD were replaced by fibrous and cartilaginous-like tissue. The defects treated with
CBD-PLGA-gelatin/nano-hydroxyapatite scaffolds were completely filled with bone-like tissue, just like the autograph.
The migration of bone marrow mesenchymal stem cells towards the injury site, as well as their differentiation into
osteoblasts, was observed. This suggests that the created scaffold is biocompatible and capable of promoting the
formation of new bone tissue.>****3

Furthermore, Demisli et al focused their research on the transdermal CBD delivery in the form of NE-filled CS-
hydrogel.**® The goal of that study was to develop a new method of delivering lipophilic bioactive substances through
the skin that would minimise the irritation caused by the burst release on the surface. A lab-controlled permeation test
was performed to determine how effectively CBD penetrates the skin from hydrogels containing NEs. As a substitute for
human skin, the test used the intact porcine ear skin. While compared to the NEs alone, the hydrogels loaded with NEs
showed a higher rate of CBD penetration and permeation coefficient. This suggests that the NE-filled hydrogels improve
transdermal absorption. These findings were expected because CS is widely recognised as a penetration enhancer. It
interacts with the stratum corneum in a variety of ways, including modifying the protein structure of the stratum corneum
and acting as a moisturising agent to increase the water content of the stratum corneum. These systems have the potential
to be excellent options for transdermal delivery of highly lipophilic bioactive compounds. More research is needed in the
future to investigate their ability to encapsulate both lipophilic and hydrophilic bioactive substances at the same time,
with the goal of achieving synergistic effects and improving biological outcomes.**®

Naphthalen-1-yl-(4-pentyloxynaphthalen-1-yl)methanone (CB13) shows significant therapeutic promise as an analge-
sic for chronic pain conditions that have limited response to traditional medications. Nonetheless, its use in humans is
hampered by the occurrence of mild-to-moderate dose-dependent adverse effects, as well as its pharmacokinetic
properties. As a result, using an appropriate carrier system for CB13 oral administration appears to be an appealing
approach to fostering the development of a valuable treatment option.>>°

Duran-Lobato and colleagues produced CS- and PEG-modified polymeric PLGA NPs and lipid NPs (LNPs). They
subsequently carried out a comparative evaluation of these carriers under the same experimental conditions to determine
their suitability for oral administration of CB13. When compared to LNPs, polymeric PLGA NPs had significantly longer
release profiles. PEG-coated formulations had limited uptake in GI model cells and strongly inhibited uptake by
monocytes. CS-coated NPs, on the other hand, showed the highest uptake in GI model cells and minimal uptake in
THP1 cells. The coated PLGA NPs had slightly reduced GI tract uptake and more significant phagocytic uptake than the
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LNPs, which was likely due to the larger particle size of the formulations investigated in this study. Although more
research is needed to understand how these carriers interact with biological entities, this study provides a comparative
understanding of how PLGA NPs and LNPs perform under identical experimental conditions. Finally, this knowledge

will help in determining which formulation is best suited for oral delivery of cannabinoids.*>

In recent years, A’-THC has gained recognition for its therapeutic potential in treating different medical conditions.*****’
However, the main barrier of using cannabinoids, such as THC, for medicinal purposes is determining a safe and efficient
method of administration. The currently used soft gelatin capsules administered orally have limitations due to the significant
first-pass metabolism of THC and the difficulty for patients experiencing severe nausea to retain the capsules in the stomach
for an adequate amount of time for absorption and effectiveness. Using the nasal mucosa to deliver drugs into the body
systemically is an efficient way to avoid the initial breakdown of drugs in the liver. Furthermore, the nasal mucosa is
advantageous for drug absorption due to its large epithelial surface area created by numerous microvilli. Al-Ghananeem et al
investigated the feasibility of administering dissolved A’-THC via the intranasal route. They were additionally interested to
find out how the use of a CS-based nasal bioadhesive gel affected THC bioavailability. This formulation strategy was designed
to reduce drug clearance by the mucociliary system. The researchers used conscious rabbits to administer the THC
formulations via the nasal route and compare them to intravenous administration. After being administered nasally, the
THC nasal solution showed a C,,x of 20 £ 3 ng/mL at 20 minutes. Interestingly, the THC loaded in the CS gel formulation
exhibited a similar profile initially and later reached a higher C,.x of 31 + 4 ng/mL (reached at 45 minutes). The researchers
additionally examined into the absolute bioavailability of THC after nasal administration, comparing the concentration of
THC in blood plasma after nasal administration to that after intravenous injection. THC nasal solution and gel formulations
showed absolute bioavailability values of 13.3 + 7.8% and 15.4 + 6.5%, respectively. Based on the findings of this study, it
appears that both solubilized THC administered intranasally and THC in a mucoadhesive CS gel formulation could be
promising methods for delivering THC throughout the body. However, more research is needed to fully assess the clinical
effectiveness and safety of this intranasal delivery system.*>

However, Villate and colleagues conducted a study, in which they obtained full-spectrum Cannabis extract CS-coated
alginate microcapsules using the vibration microencapsulation nozzle technique. This was carried out in order to produce
an edible pharmaceutical-grade product. The synthesized microcapsules predominantly contained cannabinoids of the A’-
THC-type and CBD-type. These microcapsules had an average size of 460 + 260 pm and an average sphericity of 0.5 +
0.3. According to the in vitro GI release experiment, the rapid release of cannabinoids in the intestinal phase results in a
moderate to high bioaccessibility (57-77%) of medically significant compounds. When compared to alternative methods
and materials for encapsulation, the vibration microencapsulation nozzle technique stands out for its use of natural
materials that are readily available in abundance, resulting in a low cost of the process. Furthermore, this technique does
not rely on expensive technology, involves any potentially hazardous steps, or produces any harmful waste that could
have an impact on health or the environment. Furthermore, it does not necessitate the use or manufacture of any organic
solvents. The performed study opens the door to the development of numerous new formulations based on full-spectrum
Cannabis extracts. Allowing the creation of formulations with specific desired properties, any Cannabis extract can be
encapsulated using a customizable synthesis pathway.>*®

Lastly, Uziel et al pursued the idea of full spectrum Cannabis extract administration. An extended-release formula-
tion, in the form of polymeric microdepots, that had been created through melt printing, was developed for a full-
spectrum extract rich in CBD. Once microdepots were injected subcutaneously into mice, they allowed for the
continuous release of the enclosed extract for two weeks. Mice were given a single injection of microdepots containing
Cannabis extract or a Cannabis extract solution with the same dosage to determine how effectively the formulation
functioned within a living organism. Microdepots were extracted from the tissue beneath the skin at various time
intervals throughout the experiment to determine the amount of cannabinoids released. Blood samples were also analysed
to obtain pharmacokinetics profiles of cannabinoid levels in the serum. This prolonged administration results in a higher
concentration of various significant and minor cannabinoids in the bloodstream, surpassing the effects of injecting regular
Cannabis extract. In terms of seizure prevention, the microdepots reduced the occurrence of tonic-clonic seizures by

40%, increased the survival rate by 50%, and delayed the onset of the first tonic-clonic seizure by 170% one week after
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administration. These findings suggest that a long-term delivery system that includes the entire Cannabis spectrum has

the potential to offer a novel method of Cannabis administration and treatment.?>’

Future Prospectives

As the interest in biodegradable polymers is thriving, they become utilized towards increasingly sophisticated issues. The
discovery of biodegradable polymer-based DDSs opens new opportunities for clinical application of drugs, whose poor
physicochemical, pharmacodynamic, or pharmacokinetic characteristics limit their administration routes and deployment
in applied medicine.

One of the promising substances, which have caught the attention of researchers around the world are cannabinoids.
With ample amount of new research, that indicate effectiveness of cannabinoids in various conditions, there emerges the
need for a proper way of their administration. Cannabinoids exhibit poor bioavailability, low water solubility and
significant instability, which is why it is troublesome to properly study their effectiveness in treatment of different
conditions. With the use of polymeric drug vehicles, not only are the cannabinoids’ pharmacokinetic properties
improved, but also the controlled release of the drug may be achieved.

The current review gathered and described both the cannabinoids individually and the DDSs that encapsulate them.
The main objective was to underline how the biodegradable DDSs promote the controlled drug release and augment the
drug’s bioavailability. With a big heterogeneity of the polymers that constitute the matrix of the carriers, the adminis-
tration perspective broadens.

Even though there has been extensive research in that area, the use of biodegradable carriers with cannabinoids still
encounters several uncertainties and concerns. More clinical trials need to be performed to properly study every aspect of
medical cannabinoid therapies in vivo, although thus far observed results emphasize the future optimism in the
development of that field.

As a last note, it should be acknowledged that scientists could explore the use of biodegradable polymeric DDSs
containing cannabinoids for combined therapy (delivering cannabinoids at the same time or combining with other
treatments). Additionally, these systems could also deliver cannabinoids or their analogues alongside other compounds.
This approach would make better use of the flexibility of the suggested systems and their ability to overcome limitations
in drug availability, ultimately improving the overall effectiveness of the treatment. Furthermore, with the use of
biodegradable polymers a targeted therapy towards different specific disorders may be achieved.

The analysis of the literature allows to believe that in the coming years there will be a further increase in interest in
new cannabinoid delivery systems. Intensification of work in this area will probably lead to the commercialization of the
new type DDSs.

Disclosure
The authors report no conflicts of interest in this work.
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