
1 
 

Formulation and Evaluation of Advanced 
Buccal Mucoadhesive Systems for 

Cannabinoid Delivery: In-Situ Gels and 3D-
Printed Films 

 

 

 

Anushree Nagaraj 
 

 

 

 

 

 

 

A thesis submitted to Auckland University of Technology in fulfilment of the requirement for the degree 
of Doctor of Philosophy (PhD). 

 

 

 

 

 

 

School of Science  

Biomedical Sciences 

 Faculty of Health and Environmental Sciences  

Auckland University of Technology 

 

 

 



ii 
 

Abstract 

The resurgence of interest in plant-derived therapeutics has positioned cannabinoids, particularly Δ⁹-
tetrahydrocannabinol (THC) and cannabidiol (CBD), as promising pharmacological agents with 
demonstrated analgesic, anti-inflammatory, antiemetic, and neuroprotective effects. However, their 
clinical translation remains hindered by low aqueous solubility, extensive hepatic first-pass metabolism, 
and poor oral bioavailability (<10–20%). Conventional oral and oromucosal dosage forms, including oils, 
capsules, and sprays such as Sativex, often yield variable absorption and unpredictable 
pharmacokinetics, leading to inconsistent therapeutic responses and unwanted psychoactive effects. 
These limitations underscore the need for alternative delivery systems capable of bypassing hepatic 
metabolism, enhancing cannabinoid absorption, and ensuring controlled drug release. This thesis aimed 
to develop and optimize buccal cannabinoid delivery systems, including thermoresponsive 
mucoadhesive in-situ gels, ion-activated in-situ gels, and extrusion-based 3D bioprinted mucoadhesive 
films to address the abovementioned shortcomings. Buccal delivery offers a non-invasive and patient-
friendly route that enables direct absorption into the systemic circulation, allowing for rapid onset of 
action and improved bioavailability. 

Two distinct in-situ gelling mechanisms were employed in the development of cannabinoid 
formulations, with the gelling polymers combined with either hydroxypropyl methylcellulose (HPMC) or 
Carbopol 934 to produce mucoadhesive in-situ gels. The first approach involved the formulation of 
thermoresponsive in-situ gels using Poloxamer 407, optimized through factorial design to achieve ideal 
sol–gel transition temperatures, appropriate viscosity, and mucoadhesive strength. These formulations 
exhibited reversible sol–gel behaviour, transitioning from a free-flowing liquid at room temperature to a 
cohesive semi-solid gel at 37°C. The second formulation platform focused on ion-activated in-situ gels, 
utilizing gellan gum, κ-carrageenan, and a novel κ/ι-carrageenan blend that gelled upon exposure to 
salivary cations. The κ/ι-carrageenan system formed a synergistic polymeric network balancing rigidity 
and flexibility, resulting in enhanced gel strength, elasticity, and mucoadhesion compared to single-
polymer systems. Both thermoresponsive and ion-activated gels demonstrated prolonged mucosal 
residence, with Carbopol-based formulations exhibiting superior mechanical strength, mucoadhesion, 
and physicochemical properties compared to HPMC-based gels. The systems displayed biphasic release 
profiles, characterised by an initial lag phase (~15–30 minutes) followed by sustained cannabinoid 
release over 4 hours. 

To further improve stability and storage properties, ion-induced in-situ gels containing Carbopol were 
developed into freeze-dried formulations that could be readily rehydrated before administration These 
lyophilized systems retained their gelling capacity and preserved over 94% of cannabinoid content after 
six months, offering improved storage stability and eliminating the need for strict cold-chain conditions. 

The third approach involved using 3D bioprinting to fabricate extrusion-based mucoadhesive films 
composed of HPMC and Carbopol matrices, enabling precise control over geometry, thickness, and 
cannabinoid loading. HPMC-based films demonstrated excellent mechanical integrity, uniform drug 
distribution, and sustained cannabinoid release over 2 hours. This work demonstrated the feasibility of 
employing bioprinting techniques for producing individualized cannabinoid dosage forms with 
enhanced pharmacokinetic predictability.  

This work also introduced a novel formulation strategy integrating multiple terpenes as permeation 
enhancers with hydroxypropyl-β-cyclodextrin inclusion complexes of cannabinoids within the developed 
buccal systems, providing a complementary mechanism to enhance both solubility and buccal 
absorption. 

This thesis provided a comprehensive foundation for buccal delivery of cannabinoids by integrating 
formulation optimization, physicochemical and rheological characterization, ex vivo permeation, and 
stability evaluation. The findings underscore the potential of mucoadhesive buccal systems to overcome 
the pharmacokinetic limitations of oral cannabinoids, reduce required doses, enhance patient 
compliance, and support the clinical translation of cannabinoid therapies for conditions such as 
chemotherapy-induced nausea, appetite stimulation, chronic pain, and multiple sclerosis. 
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1.1. Introduction 

1.1.1 History of medicinal Cannabis 

Plant of Genus Cannabis belongs to the family Cannabaceae, and primarily comprises of three species: Sativa, 

indica, and ruderalis with varying phytochemical constituents. Cannabis is also known as marijuana and 

hemp, with marijuana containing higher levels of the psychoactive compound tetrahydrocannabinol (THC), 

while hemp has lower levels of it. Morphologically, cannabis is a dioecious flowering plant with separate male 

and female individuals, possessing a fibrous root system, erect branching stems, and palmately compound 

leaves with serrated edges. The flowers differ by sex: male plants produce pollen, whereas female plants 

develop pistillate flowers rich in glandular trichomes, which synthesize cannabinoids and terpenes that 

underlie the plant’s psychoactive and therapeutic effects (Figure 1.1). Hemp boasts a long history of varied 

applications, both in the past and today. It has been utilized for textiles and clothing, industrial products, and 

in the manufacturing industry (Baron, 2015). Cannabis, widely known for its psychoactive effects, is among 

the oldest drugs, with medicinal use dating back to 4000 BC in China (Aldrich, 1997). The plant was advocated 

as a surgical analgesic when in combination with alcohol as well as to treat a variety of ailments such as 

rheumatic pains, bouts, beriberi, malaria, and sleep disorders (Aldrich, 1997). Successive records show its 

medicinal use in India, Middle East, Central Asia, South America, Greece, Rome, and South Africa (Aldrich, 

1997). In the early 19th century, cannabis use expanded into Britain and European countries when an Irish 

physician, Dr. William Brooke O’Shaughnessy, studied the plant's medicinal properties when in India. His 

research revealed its potential benefits, including anti-convulsant, anti-emetic, anxiolytic, and relaxant effects 

(Ben Amar, 2006; Kalant, 2001; Robson, 2001).  

By the late 19th and early 20th centuries, cannabis had become a widely available medicine in western 

countries’ dispensaries and pharmacies. The early 20th century highlighted the therapeutic use of cannabis 

in three main categories: sedative/hypnotic, analgesic, and various other applications, including appetite 

stimulation, diarrhoea, dyspepsia, and digestion (Zuardi, 2006). However, the prohibition on Cannabis came 

in accordance with the 1971 Misuse of Drugs Act, and the plant was placed in the same group with heroin 

and cocaine as a Schedule 1 class drug. This was largely due to growing concern over its psychoactive effects, 

perceived potential for abuse, and lack of recognized medical value at the time. Additionally, issues regarding 

the plant's inconsistent potency, variable effects when taken orally, and poor storage stability were noted 

during this time. This resulted in the replacement of medicinal use of cannabis with pure opiates, and modern 

synthetic drugs developed (Mikuriya, 1969; Robson, 2001). The classification of cannabis as an illegal 

substance stemmed from a lack of scientific understanding of the plant. Unfortunately, this prohibition also 

hindered research into the evidence of its potential benefits, despite being used for treatment of various 

illness and disorders since ancient times (Baron, 2015).  
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Figure 1.1 Morphology of the cannabis plant showing key structural features, including the main cola, sugar leaves, fan leaves, 
bracts, stigma, ovary, calyx, and trichomes (Adopted from (Alberti et al., 2025)). 

Research on cannabis saw a resurgence in the early 1990s following the identification of cannabinoid 

receptors in the nervous system and the discovery of endocannabinoids, naturally occurring cannabinoids 

produced by the body (Zuardi, 2006). These discoveries were advanced by several research groups, including 

the pioneering work of Israeli chemist Raphael Mechoulam and colleagues, who identified the endogenous 

cannabinoid anandamide in 1992 (Mechoulam & Parker, 2013). Use of isolated compounds from the cannabis 

plant as therapeutics with scientifically proven clinical indices, along with their safety and efficacy, are gaining 

rapid attention worldwide (Baker et al., 2003; Zuardi, 2006). Due to the growing medicinal properties of the 

plant’s phytochemicals, an increasing number of countries are approving the administration of regulated 

cannabis products for various conditions, including spasticity associated with multiple sclerosis (MS), rare 

epileptic disorders Lennox-Gastaud and Dravet syndromes, chronic pain, chemotherapy-induced emesis and 

nausea, and reviving appetite in patients affected by human immunodeficiency virus (HIV) (Stella et al., 2021).  

However, with the recent ease of government restrictions worldwide, research on the therapeutic potential 

of cannabis is blooming. Nevertheless, significant challenges continue to exist despite the recognized benefits 

of cannabinoid therapies. In many countries, the plant remains illegal even for medicinal purposes, creating 

a substantial barrier to access for patients who could benefit from such treatments. In other countries where 

medical use is legal, the regulatory landscape can be highly restrictive, often imposing stringent regulations 



4 
 

that limit research and clinical trials involving cannabinoids and their therapeutic applications (Bifulco & 

Pisanti, 2015). 

1.1.2 Phytochemical constituents of the cannabis plant 

The cannabis plant is complex in terms of its chemical composition. It has over 600 chemical compounds, and 

they vary depending on the plant’s genotype, soil and climatic conditions in which they are grown, and 

different cultivation techniques (Barrales-Cureño et al., 2020; Yadav et al., 2023). The cannabis 

phytochemicals are classified as either major or minor depending on the amount found in the plant.  

Cannabinoids 

Among the most prevalent, cannabinoids include Δ-9-tetrahydrocannabinolic acid (THCA) and cannabidiolic 

acid (CBDA). When subjected to heat, these acids transform into their active forms: Δ-9-tetrahydrocannabinol 

(THC) and cannabidiol (CBD). The Δ9- tetrahydrocannabinol (THC) and cannabidiol (CBD) account as widely 

investigated major phytochemicals that are formulated into various dosage forms to treat medical conditions 

(Andre et al., 2016; Sampson, 2021). The chemical structures of THC and CBD are represented in Figure 1.2 

below.  

 
Figure 1.2 Chemical structures of THC and CBD (Adopted from (Ma et al., 2024)). 

Cannabinoids are classified into two types based on the presence or absence of a carboxyl group as acids or 

neutral cannabinoids, respectively. Although present in much smaller amounts than THC and CBD, research 

into minor cannabinoids and other phytoconstituents has uncovered various medicinal properties that 

enhance the effects of the more thoroughly studied THC and CBD. Cannabinoids are synthesized on the 

trichomes, which are small dome-like structures prevalent on the bud and leaves of the cannabis plant. 

Cannabis used in commercial products is generally grouped according to the ratios of THC to CBD. The main 

classifications are “THC-dominant,” which has minimal CBD, “CBD-dominant,” characterised by low THC and 

high CBD levels, and “balanced THC/CBD,” where THC and CBD are present in similar amounts (El Oihabi et 

al., 2024; ElSohly & Slade, 2005; Smith et al., 2022).  

In addition to minor cannabinoids, the plant contains over 140 phytochemicals present in smaller quantities, 

such as flavonoids, phenolic compounds, terpenes, and alkaloids. These compounds have also been 

recognized for their individual therapeutic properties (Sampson, 2021).   
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Terpenes 

Terpenes are hydrocarbons that contribute to the distinctive aroma of the cannabis plant and are composed 

of isoprene units. Terpenes are usually involved with protecting the plant from predators and attracting 

pollinators. They are categorized into several types, hemiterpenes, monoterpenes, sesquiterpenes, and 

diterpenes, depending on the number of isoprene units present. Currently, more than 50 distinct chemical 

phenotypes of terpenes have been identified in the cannabis plant, with each plant exhibiting variations in 

these compounds. Terpenes prominent across cannabis plant species include d-limonene, pinene, 

caryophyllene, camphene, and terpinol (Eric Fordjour et al., 2023; Lowe et al., 2021). Research has revealed 

a wide range of health benefits associated with terpenes, some of which enhance the effects of cannabinoids. 

While prevalent only in a few strains of the cannabis plant, terpenes like menthol are recognized in 

pharmaceuticals for their suitability for patients and are also noted for their health advantages (Kamatou et 

al., 2013). 

Flavonoids 

Flavonoids are polyphenolic compounds that occur in a diverse array of fruits, teas, chocolates, and 

vegetables, playing a key role in imparting both flavour and vibrant colour to these foods. In the cannabis 

plant, they have been isolated from leaves, seeds, and flowers. The cannabis plant contains over 20 identified 

flavonoids, which are categorized into six classes: anthocyanidins, flavonols, isoflavones, flavan-3-ols, 

flavanones, and flavones. These flavonoids can vary based on environmental conditions, as their main 

function is to protect the plant (Bautista et al., 2021; Lowe et al., 2021). 

Alkaloids 

Alkaloids are heterocyclic compounds that are usually found in plants, but microorganisms and other animals 

also produce them. Common examples of alkaloids include caffeine, nicotine, and morphine. Endogenous 

alkaloids of the plant include cannabisativine and anhydrocannabisativine. Extracted from stems, leaves, and 

roots of the plant, the cannabis alkaloids were used in traditional medicine to treat various ailments (Eric 

Fordjour et al., 2023; Radwan et al., 2021). 

Research has demonstrated that both cannabinoid and non-cannabinoid phytochemicals possess diverse 

biological activities. Investigating the mechanisms by which these phytochemicals interact with the human 

body can elucidate their therapeutic effects, providing insights into potential clinical applications. 

1.1.3 The endocannabinoid system 

The therapeutic effects of the cannabinoid phytochemicals are brought about through the 

up/downregulation of the signalling mechanisms via cannabinoid receptors present in various regions of the 

body. The endocannabinoid system refers collectively to these endogenous receptors, ligands also referred 

to as the endocannabinoids, and the enzymes responsible for their synthesis in the human body (De 

Petrocellis & Di Marzo, 2009).  
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The cannabinoid receptors 1 and 2 (CB1 and CB2) were discovered in the latter half of the 20th century 

(Robson, 2001). These receptors belong to a family of transmembrane domain receptors called G-protein 

coupled receptors, which get activated upon binding of specific molecules and further signal the intercellular 

G-protein, which regulates several downstream pathways. The agonists of the receptors result in inhibiting 

the secondary messenger systems, c-AMP cyclic adenosine monophosphate messenger, triggering several 

mitogen-activated protein (MAP) kinases and resulting in cellular and physiological changes. These 

consequences can be essential drug targets affecting disease mechanisms (Howlett et al., 2002; Trzaskowski 

et al., 2012). The discovery of these receptors brought about a need for extensive research to further 

understand the biological activities governing the endocannabinoid system in the body. This further brought 

to light two endogenous ligands, anandamide and 2-arachidonoylglycerol (2-AG).  

Anandamide, derived from the Sanskrit word “ananda”, which means bliss, joy, or happiness, acts as a partial 

agonist of both receptors with higher binding affinity to the CB1 receptor, whereas 2-AG is a complete agonist 

with lower binding affinities to both receptors (Rodríguez de Fonseca et al., 2005). The levels of these ligands 

can be controlled by prominent enzymes that deactivate endocannabinoids, with fatty acid amide hydrolase 

(FAAH) responsible for anandamide and monoacylglycerol lipase (MEG) for 2-AG (Vemuri & Makriyannis, 

2015). Besides CB1 and CB2 receptors, the endogenous ligands also bind to transient receptor potential (TRP) 

ion complexes, peroxisome proliferator-activated (PPA) nuclear receptors, and were recently discovered as 

new cannabinoid G-protein receptors, GPR55 and GPR119 (Shahbazi et al., 2020).  

CB1 receptors are usually expressed in large quantities in the central nervous system, and when activated, it 

mediates psychoactive, neurological, and pain suppressing functions in addition to maintaining the body’s 

homeostasis. Whereas CB2 receptors are involved closely with our immune system, especially with 

modulating anti-inflammatory effects suggesting significance in disorders such as rheumatoid arthritis and 

atherosclerosis (Lu & Mackie, 2016; Turcotte et al., 2016). The initial concept introduced by research regarding 

the expression of CB1 and CB2 receptors has evolved into a more nuanced understanding of their roles in 

regulating a diverse array of cellular and physiological functions. Figure 1.3 elaborates on the presence and 

roles of CB1 and CB2 receptors on different organs of the body (An et al., 2020).  

THC is a partial agonist of the CB1 receptor, where it mediates most of its biological and psychoactive effects. 

CBD, however, allosterically brings about conformational changes to CB1 receptors, which causes negative 

modulation, balancing the “feeling high” effects of THC when administered together in similar quantities. 

Furthermore, CBD was found to interact with CB2, ion channels, serotonin and opioid receptors explaining 

wide pharmacological benefits of this molecule (Laprairie et al., 2015; Pertwee, 2008). Research is still 

growing to uncover several mechanisms and pathways associated with the endocannabinoid systems.  
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Figure 1.3. Physiological distribution and major functions of cannabinoid receptors CB₁ and CB₂ in various organs and systems of the 
human body. Note that this schematic does not include receptor presence or activity in the skin, buccal mucosa, or other peripheral 
tissues (Adopted from (An et al., 2020)). 

1.1.4 Therapeutic potential of the phytoconstituents of the Cannabis plant 

The therapeutic effects of the plant span various medical conditions. Research has illustrated the potential 

benefits of cannabinoids in pain management, mental health, seizure control, nausea relief, appetite 

stimulation, neuroprotection, and inflammation. 

Chronic pain 

Cannabis has been utilized as an analgesic for thousands of years and remains one of the most prevalent 

medicinal applications in contemporary practice. Cannabinoids have been shown to effectively manage 

chronic pain by interacting with endocannabinoid receptors, demonstrating efficacy comparable to that of 

synthetic drugs. This modulation of pain pathways highlights the potential of cannabinoids as a viable 

alternative or adjunct to traditional pain management therapies (Vučković et al., 2018). Johal et al. (2020), in 

a systematic review, showed that cannabis was more effective against non-cancerous neuropathic pain, when 

compared to other types of pain. Treatment of neuropathic pain associated with HIV and multiple sclerosis 

using cannabinoid products has shown particularly promising results (Turcotte et al., 2010). Many studies 

have also shown enhanced analgesic effects of cannabis when used in conjunction with opioids for managing 
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pain and migraines (Safi et al., 2024). However, there is a lack of data regarding the comparative efficacy and 

safety of cannabis or cannabinoids in relation to existing pain treatments, including opioids. 

Clinical trials investigating the effectiveness of cannabinoids for the management of rheumatic pain, 

postoperative pain, and cancer-related pain have produced inconsistent findings. The discrepancies in trial 

results can be attributed to several factors, including short study durations, small sample sizes, inconsistent 

dosing and routes of cannabinoid administration, and variations in the evaluation of different pain aspects. 

These issues highlight the necessity for further research to clarify the therapeutic potential of cannabinoids 

in managing these pain syndromes (Safi et al., 2024; Schmidt, 2024; Vučković et al., 2018). Research has also 

identified cannabis terpenes to influence ion channels, which affect neuron signalling, thereby inhibiting pain 

(Anand et al., 2023).  

Seizure disorders 

The effectiveness of smoked cannabis in controlling seizures compared to synthetic medications has led to 

the development of oral alternatives, such as oils and extracts that encompass a full range of phytochemicals. 

Research has demonstrated that THC, CBD, and cannabidivarin exhibit anti-convulsant properties. THC's 

effects are primarily mediated through CB1 receptors, but studies have shown that CBD and cannabidivarin 

also operate through signalling pathways that do not involve endocannabinoid receptors. Notably, THC has 

been associated with both anti-convulsant and pro-convulsant effects, leading to concerns about its 

psychoactive side effects and reducing its appeal as a standalone treatment for epilepsy. This has shifted focus 

toward CBD, particularly due to its promising potential in seizure management, which has resulted in the 

development of CBD-enriched products (Perucca, 2017; Ružić Zečević et al., 2018).  

Stockings et al. (2018) conducted a systematic review of clinical trials examining the use of CBD for treating 

seizures associated with various conditions. The findings revealed significantly positive outcomes, particularly 

in paediatric and adolescent populations. Epidiolex, an oral solution, was the first approved pharmaceutical 

grade CBD for the treatment of epilepsy associated with Lennox-Gastaud and Dravet syndromes. Researchers 

are also developing formulations of CBD to be administered via alternatives routes in order to maximize its 

bioavailability (Gaston & Szaflarski, 2018; Stockings et al., 2018). Cannabidivarin showed strong anti-

convulsant properties in preclinical studies. However, it did not yield the same results in phase II clinical trials. 

One potential reason for this discrepancy could be the heightened placebo response observed in participants 

during these trials (Morano et al., 2020).  

Mental health 

Cannabis has been negatively associated with mental health, largely due to the psychoactive effects of THC. 

However, with the ease of the cannabis ban, a substantial amount of research is focusing on its positive 

influences on mental health. Research has specifically focused on smoked or oral cannabis products for 

combating sleep disorders and PTSD. Studies showed that patients had a significantly large reduction of 
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symptoms associated with PTSD, such as anxiety, poor sleep, avoidance, and re-experiencing related trauma 

(Bonn-Miller et al., 2014; Greer et al., 2014). There are divergent perspectives on cannabis, with some 

research suggesting that it may act as a gateway drug, potentially leading to the use of more harmful 

substances. Conversely, other studies propose that cannabis can serve as an exit drug, assisting individuals in 

reducing or substituting their use of alcohol and other drugs. Furthermore, evidence indicates that cannabis 

may provide a beneficial alternative for those seeking to mitigate their dependence on these substances 

(Lucas et al., 2016). However, large-scale clinical trials are necessary to validate the efficacy of cannabis as a 

treatment for substance use disorders.  

Cannabis administration has been shown to elevate mood for both medical and recreational purposes. Earlier 

studies identified cannabis use as a risk factor for depression, apathy, and lethargy. It has been proposed that 

social factors and adverse conditions, such as unemployment, family issues, and lower educational 

attainment, may contribute to the development of depression in cannabis users, factors that were often 

overlooked in many studies. However, several cross-sectional reviews indicate that cannabis may have 

positive effects on reducing depression and could be beneficial in treating bipolar disorders (Haller, 2024; 

Walsh et al., 2017). 

Neurodegenerative disease 

Neurodegenerative diseases, such as Alzheimer’s, Parkinson’s, multiple sclerosis, and Huntington’s disease, 

are characterised by significant damage to motor neurons, resulting in impaired motor function and cognitive 

decline. Recent research suggests that the phytochemical constituents of the cannabis plant may offer 

therapeutic benefits for these conditions due to their anti-inflammatory and neuroprotective properties. The 

pathogenesis of these neurological disorders often involves the aggregation of specific protein molecules, 

which contributes to the progression of symptoms. Understanding these underlying mechanisms is crucial for 

developing effective treatments. Emerging evidence points to cannabinoids as potential modulators of these 

processes, potentially alleviating inflammation and promoting neuronal health (Sharon et al., 2024; 

Stasiłowicz-Krzemień et al., 2024). THC and CBD, two key cannabinoids, have shown the ability to prevent 

protein aggregation by influencing the endocannabinoid system and engaging with cannabinoid receptors. 

This interaction highlights their potential to help alleviate the protein accumulation observed in 

neurodegenerative disorders. CBD has also shown the ability to restore locomotor function in Parkinson's 

disease models (Kaszyńska, 2024). 

Preclinical and invitro studies show CBD’s potential in Alzheimer's disease to improve cognition and reduce 

agitation (Marques & Campos, 2024). Randomized placebo-controlled trials have demonstrated the benefits 

of Nabiximol (Sativex), an oro-mucosal spray containing CBD and THC in similar ratios, to reduce spasticity 

and pain associated with multiple sclerosis, and were found useful as an adjunct therapeutic in combating 

severity of the symptoms (Bethoux et al., 2024). Beyond cannabinoids, terpenes, flavonoids, and other non-
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cannabinoid complexes might also synergistically act to enhance the effects (Stasiłowicz-Krzemień et al., 

2024).  

Cancer and associated symptoms 

Cannabis and cannabinoids have been extensively studied for their potential to alleviate a range of cancer-

related symptoms. These include pain, nausea, insomnia, anxiety, and anorexia. Additionally, they are 

considered beneficial in palliative care for cancer patients, enhancing overall quality of life. Numerous studies 

have also demonstrated the efficacy of cannabinoids in managing chemotherapy-induced nausea, showing 

comparable effectiveness to synthetic alternatives (Shalata et al., 2024; Wardill et al., 2024). Muscle wasting, 

or cachexia, along with anorexia, are prevalent symptoms that affect over 50% of patients with terminal or 

late-stage cancer. Research indicates that cannabinoids can help alleviate cachexia through their interaction 

with CB1 receptors, which influence both muscle and fat tissue (Seymour-Jackson et al., 2023). 

In-vitro studies and animal models have uncovered that cannabinoids repress proliferation and instigate 

programmed cell death in breast cancer by acting on the cannabinoid receptors in the affected cells. 

Researchers have also shown the ability of synthetic cannabinoid JWH-133, CBD, and THC to be effective in 

inhibiting the growth of breast tumours and limiting metastasis in mice models. Preclinical data showed that 

cannabinoids also hindered proliferation and metastasis, angiogenesis, and decreased the progression of 

chemotherapy resistant cells in colorectal cancer (Alsalamat et al., 2024). However, studies indicate that the 

activation of CB2 receptors by low doses of cannabinoids may promote cellular proliferation, which could 

pose a risk for the development of certain cancers. This response is influenced by dosage, as higher 

concentrations of cannabinoids tend to exert inhibitory effects on cancer progression. Thus, the relationship 

between cannabinoid dosage and its impact on cancer biology is complex, requiring careful consideration in 

therapeutic contexts (H.-S. Lee et al., 2022). Epidiolex, a medication developed by GW Pharmaceuticals, 

contains cannabidiol (CBD) and is primarily known for its use in treating certain types of epilepsy. However, it 

has also been explored as an adjuvant treatment for glioma, a type of brain tumour. In this context, Epidiolex 

may help enhance the effects of other therapies and alleviate symptoms associated with glioma. The 

incorporation of CBD in treatment regimens aims to leverage its potential anti-inflammatory and 

neuroprotective properties, potentially improving patient outcomes when used alongside traditional cancer 

therapies (Hu et al., 2024). Blasco-Benito et al. (2018) noted that herbal preparations of cannabis flowers 

containing an array of cannabinoids and terpenes were more effective in their antitumor effects when 

compared to pure isolated THC, emphasizing on the synergistic or entourage effects of the phytocompounds 

from the cannabis plant.  

Fibromyalgia and chronic fatigue syndrome 

Skeletal and muscular pain, along with physical and psychological impairment, marks the disease 

fibromyalgia, a chronic fatigue syndrome. Conventional pharmacological therapies alleviate the disease to a 
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certain extent but have severe adverse effects and might consequentially worsen the condition. A pilot study 

done by Giardina et al. (2024) concluded that a full spectrum cannabis formulation, marketed under the name 

Bedrocan, could serve as an alternative therapeutic regimen for patients suffering from this condition. A 

systematic review of previous clinical trials also revealed that Cannabis successfully improved the quality of 

life of patients suffering from fibromyalgia by alleviating symptoms such as sleep deprivation and poor 

appetite (Giardina et al., 2024). A growing body of clinical evidence indicates that cannabis may enhance 

sleep quality, mitigate fatigue, and reduce chronic pain, while also addressing psychiatric comorbidities linked 

to fibromyalgia. These findings point out the potential of cannabis as a therapeutic option for managing the 

multifaceted symptoms of this condition (Wang et al., 2024). 

Other potential health benefits 

Skin disorders 

The anti-inflammatory properties of CBD have been demonstrated to significantly enhance the wound healing 

process. Cannabis oils, which comprise of a wide range of the plant's phytoconstituents, have demonstrated 

antimicrobial properties attributed to the presence of THC and CBD, as well as antioxidant and anti-

inflammatory effects. Several recent studies have explored the use of cannabis oils alongside biomaterials as 

a promising strategy for enhancing wound healing (Israni et al., 2024).  

The skin's endogenous ligands and its endocannabinoid system provide a basis for utilizing cannabinoids in 

the treatment of various dermatological conditions, such as psoriasis, dermatomyositis, and dermatitis. By 

modulating pro-inflammatory cytokines, cannabinoids play a vital role in maintaining homeostasis within the 

skin, thereby promoting overall skin health and recovery. Clinical trials utilizing oral synthetic cannabinoids 

indicated improvements in autoimmune skin disorders at certain endpoints. However, these positive effects 

were not maintained in the later stages of the trial, possibly due to the co-administration of 

immunosuppressive medications, which may have influenced the outcomes. In contrast, topical 

administration of cannabinoids has proven to be an effective treatment for dermatitis and psoriasis (Kuzumi 

et al., 2024). 

Ocular health 

Since the early 1970s, cannabis has been investigated as a potential treatment for glaucoma. Research has 

identified endocannabinoid receptors in various ocular tissues, including the retinal epithelium, ciliary body, 

and retina. Cannabinoids can modulate intraocular pressure through their action on these receptors by both 

reducing the production of aqueous humour and facilitating its outflow. This dual action contributes to the 

lowering of intraocular pressure, a significant pathological feature of glaucoma. However, clinical studies 

remain limited, even when considering the plant as an adjunct therapy, and the studies encounter challenges 

associated with formulations that offer only a short duration of cannabinoid activity (Fava et al., 2024; Joshi 

et al., 2024). 
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Corneal hyperalgesia, a condition characterised by heightened sensitivity to pain resulting from damage to 

nerve endings in the cornea, can be provoked by normal air, light, or even minimal stimuli. The topical 

application of cannabinoids has demonstrated efficacy in managing this condition, especially with higher 

concentrations of THC and CBD, either individually or in combination. However, there have yet to be any 

clinical trials investigating this therapeutic approach (Fava et al., 2024). 

Gut Health 

Cannabinoids have been recognized for their role in supporting gastrointestinal function and maintaining 

homeostasis, largely due to the presence of the endocannabinoid system within the gut. This system plays a 

crucial role in regulating various physiological processes, including appetite, digestion, and gut motility. By 

interacting with CB2 receptors, cannabinoids can modulate the effects of inflammation and stress on the 

gastrointestinal tract. Specifically, they have been shown to control heightened gastrointestinal motility, 

which can be exacerbated by inflammatory conditions or stress responses. This modulation can lead to a 

reduction in symptoms such as diarrhoea and abdominal discomfort, promoting overall gut health. 

Furthermore, the ability of cannabinoids to influence the gut microbiome and the immune response in the 

gastrointestinal system adds another layer to their therapeutic potential. As research continues to uncover 

the complexities of the endocannabinoid system, cannabinoids may offer promising avenues for treating 

various gastrointestinal disorders, including irritable bowel syndrome (IBS) and inflammatory bowel disease 

(IBD) (Al-Khazaleh et al., 2024; Wardill et al., 2024). 

Oral health 

Cannabinoid receptors CB1 and CB2, along with TRPV receptors, are found throughout the oral cavity, 

including the tongue, periodontal tissue, oral mucosa, and salivary gland tissue. Pre-clinical studies have 

proven cannabinoids to be beneficial for various diseases affecting the oral cavity by mediating their action 

via these receptors. In animal models of periodontal disease, which is an inflammatory oral disease caused 

by plaque formation and could lead to tooth loss, CBD was found to inhibit plaque formation and reduce 

inflammation, thereby hinder the progression of the disease. Research has also shown CBD and CBG to be 

effective in inhibiting biofilm formation owing to their anti-microbial activity, highlighting their potential in 

treating mucosal inflammation and ulcers in the mouth. Cannabinoids were found to reduce inflammation 

and promote vascularization in dental pulp and periodontal stem cells, highlighting their potential for treating 

dental pulp regeneration and dentin repair. Research suggests that CBD may offer potential benefits for 

treating temporomandibular disorders and addressing bone tissue defects. However, further studies are 

needed to validate its clinical efficacy in these areas (Hu et al., 2024). 

1.1.5 The pharmacokinetic effect from different routes of cannabinoid administration 

Historically, cannabis use has involved smoking or various other methods of inhaling the dried flowers of the 

plants. However, recent research has expanded to process raw cannabis or isolated cannabinoids into 
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various dosage forms. The pharmacokinetic effects vary depending on the route that they are administered 

(Spindle et al., 2019).  

Smoking/inhalation 

Smoking cannabis is a primary route of drug consumption. Studies show that the effect of smoking on the 

pharmacokinetics of cannabinoids is similar to the intravenous route in terms of fast onset of action. Smoking 

leads to the absorption of 25% of the cannabinoids present (Peters & Chien, 2018). Benefits derived from 

smoking cannabis include rapid delivery, quick onset of pharmacological actions and freedom for individuals 

to titrate their dose. However, smoking cannabis with tobacco or vaporizing with e-liquids has been 

associated with poor health outcomes and harmful consequences not yet understood in the case of some e-

liquids (Fairman, 2015; Giroud et al., 2015). Furthermore, the stigma associated with “cannabis smoking” 

(Bottorff et al., 2013), THC’s psychoactive actions (Huestis, 2007), and the potential of producing toxic 

compounds at high temperatures (Czégény et al., 2021), in addition to the high THC concentrated strains 

cultivated today, limits this route in terms of medical administration (Peters & Chien, 2018).  

Oral route 

The oral route is recognized for its preference by most patients, excluding unconscious patients and patients 

with swallowing obstructions. Edibles of cannabinoids have been used widely for recreational purposes due 

to associated durable effects combined with a lack of difficulty in administration. However, this route of 

administration is hindered by the first-pass metabolism effects, where THC is broken down into psychotropic 

11-OH-THC, further metabolized to 11-COOH-THC (Catherine J Lucas et al., 2018; Poyatos et al., 2020). When 

consumed by the oral route, the bioavailability of the cannabinoids is reduced significantly to one third 

compared to smoking, while there is also an increase in its psychoactive effect. The average bioavailability 

(considering inter-and intra-individual variability) of CBD and THC is identified as 31% when smoked/inhaled, 

was significantly higher than the bioavailability of the oral route, where less than 20% of THC and CBD reached 

systemic circulation following ingestion (Catherine J Lucas et al., 2018; Millar et al., 2018). In addition to the 

first-pass metabolism effects, variation in absorption from the gut due to inconsistent dosing across different 

oral formulations and the effects of body composition (presence of higher fat mass) and the degradation in 

the stomach also contributes to poor bioavailability of the oral route (Huestis, 2007; Williams et al., 2021). 

An exceptionally low proportion of studies considering the impacts of consuming food and drinks could also 

add to the absorption variation effects (Vandrey et al., 2017).  

Approaches to enhance the bioavailability of oral cannabinoids include using oil-based cannabinoid 

formulations and developing delivery systems that emulsify under the acidic conditions of the GI tract. 

However, such self-emulsifying methods are associated with low economic feasibility and limited stability and 

safety (Brunetti et al., 2020; Cherniakov et al., 2017; Knaub et al., 2019). 
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Routes to avoid first pass effects. 

Alternative routes of cannabinoids’ administration to avoid first-pass metabolism effects such as transdermal, 

rectal, intranasal, and oro-mucosal are currently under investigation. There is, however, a lack of information 

regarding the pharmacokinetic parameters, such as the bioavailability of cannabinoids via these routes. The 

transdermal route is an attractive option with the potential to treat dermatological conditions and even skin 

cancers due to the different cannabinoid receptors present on the skin, which are actively involved in skin cell 

activities (Tijani et al., 2021). Research on delivery via the transdermal route is now focused on developing 

carrier systems for the highly lipophilic cannabinoids and also enhancing diffusion and penetration into 

deeper layers of the skin to reach the blood circulation. The low stability of cannabinoids, their susceptibility 

to degradation under light and heat, and impaired delivery in patients with wasting syndrome need to be 

addressed to successfully deliver cannabinoids via this route (Catherine J Lucas et al., 2018). Mucosal sites 

offer good alternatives to oral routes for systemic drug delivery. Although rectal routes offer two times higher 

cannabinoid bioavailability compared with the oral route, and a lower amount of THC metabolized, lack of 

patient acceptance and defecation involved with impaired absorption limits delivery of cannabinoids via this 

route (Geshtakovska & Stefkov, 2016). Intranasal delivery of several drugs such as propranolol, progesterone, 

and anti-convulsants has successfully circumvented the fist-pass effects and enhanced drug bioavailability. 

Delivery of cannabinoids via this route is restricted due to their highly lipophilic nature in addition to the 

limited area of absorption and low water activity of mucin in the nasal cavity (Al-Ghananeem et al., 2011; 

Valiveti et al., 2007).  

The oral mucosa or the oro-mucosal route is a popular choice for delivering a wide range of drugs, as it offers 

a larger surface area through which significant volume of drugs can be delivered. The formulations offering 

higher mucoadhesion allows for retention and the ability to dissolve slowly at the site of administration (Goyal 

et al., 2018). However, bioavailability and absorption of highly lipophilic molecules such as cannabinoids via 

this route face challenges such as saliva flow, stability in a physiological environment, and residence time of 

the formulation which need to be tackled to develop superior formulations (Hua, 2019; Millar et al., 2018). 

1.1.6 Approved formulations of Cannabis products 

Formulations of Cannabis approved for use include synthetic preparation of THC and its analogue, or pure 

CBD, including Dronabinol, Nabilone, Epidiolex, and oro-mucosal Sativex for a few clinical indications (Kocis 

& Vrana, 2020; Schrot & Hubbard, 2016); the clinical indications of these drugs are shown in Table 1.1, 

along with their bioavailability and onset of action. The use of synthetic THC in oral formulations was a 

significant cause of concern for adverse CNS effects (Badowski, 2017); although Nabilone, an analogue of 

synthetic THC, was reported to have higher bioavailability compared with Dronabinol (synthetic THC), it had 

more severe drowsiness, dizziness, and psychoactive effects (Ben Amar, 2006).  
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Table 1.1. Clinical indications of FDA-approved Cannabis products, their onset of action and bioavailability identified. 

 

1.1.7 The need for novel formulations 

Cannabinoid oral formulations that are currently available in the market have poor bioavailability, as drugs 

administered orally suffer from extensive biotransformation due to the first pass metabolism effects. These 

approved oral cannabinoid formulations can further cause adverse effects because of the presence of 

synthetic or analogues of synthetic cannabinoids (Badowski, 2017; Catherine J Lucas et al., 2018). The 

alternative oromucosal route of delivery has the potential to improve the bioavailability of cannabinoids by 

avoiding the first-pass metabolism. Sativex, an approved oromucosal spray containing Cannabis extracts, fails 

to completely deliver the cannabinoids into oral mucosa as the formulation is prone to being accidentally 

swallowed and thus possesses poor bioavailability. The formulation is also needed to be frequently 

administered, and its high ethanol content causes lesions in the mouth after long-term use (Karschner et al., 

2011; Scully, 2007). Furthermore, there is a lack of focus on the drug release characteristics of potential 

oromucosal cannabinoid formulations under research. Formulations with sustained-release properties can 

provide prolonged therapeutic effects without the need for frequent administration by maintaining effective 

levels of cannabinoids in the systemic circulation. Such prolonged-release formulations with improved 

bioavailability can be used for treating chemotherapy-induced nausea/emesis, chronic pain, spasticity 

Drug  Formulatio
n name & 
dose 

Approved clinical indications Formulatio
n  

Average 
Onset of 
action 

Bioavailability References  

Dronabino
l- 
synthetic 
THC 

Marinol  
5 mg 

Chemotherapy-induced 
nausea, appetite stimulant in 
AIDS   

Soft 
gelatine 
oral 
capsule   

1.5 h  10 to 20% 
 

(Badowski & 
Yanful, 2018; 
FDA, 2021; 
Smith et al., 
2015) Syndros 

4.25 mg 
Chemotherapy-induced 
nausea, chronic pain   

Oral 
solution   

1 hr   

Nabilone- 
synthetic 
analogue 
of THC  

Cesamet   
2 mg 

Chemotherapy-induced 
nausea  

Oral 
capsules   

1-1.5 h 60%- studies not 
conclusive 

(Bedi et al., 
2013; FDA, 
2021; Smith et 
al., 2015; 
Tsang & 
Giudice, 2016) 

THC and 
CBD 

Sativex 
5 and 15 
mg THC 

Spasticity in multiple sclerosis 
(MS), Clinical trial phase III for 
cancer pain.   

Oro-
mucosal 
Spray   

Up to 40 
min 

5 and 15 mg oral 
THC- relative 
bioavailability was 
92.6% (13.1%) and 
98.8% 
(11.0%) respectivel
y. 
Buccal – 93.9% 
relative 
bioavailability 
higher compared 
to sublingual - 
87.2%  

(FDA, 2021; 
Karschner et 
al., 2011; 
Tanasescu & 
Constantinesc
u, 2013)   

CBD  Epidiolex Lennox-
Gastaud and Dravet syndrome
s   - epileptic disorders 

Oral 
solution   

Not 
determine
d 

13-19% (Bruni et al., 
2018; Millar et 
al., 2018)  
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associated with multiple sclerosis, and sleep disturbances. It could also improve the care and quality of life of 

palliative patients.  

1.1.8 Need for 3D printing 

The technique of constructing objects through the sequential addition of materials in a layer-by-layer manner 

is termed additive manufacturing, commonly referred to as 3D printing. It has been utilized in multiple 

medical fields, including the development of advanced medical tools and equipment that enhance surgical 

precision and patient care. Additionally, in tissue engineering, this technology plays a crucial role by allowing 

for the fabrication of complex biological structures, including scaffolds that support cell growth and tissue 

regeneration. Three-dimensional printing is also growing successfully as an alternative tool for designing and 

developing pharmaceutical products. The technique offers the ability to develop dosage forms with improved 

quality and tailored release profiles (Paccione et al., 2024). 3D printed products are highly valued as 

personalized drug delivery vehicles offering the ability to provide customizable doses to patients with varying 

requirements, wherein traditional formulations are lacking in this aspect. Several 3D printing techniques have 

been employed in drug manufacturing, including fused deposition modelling, extrusion printing, selective 

laser sintering, and binder jetting. Each of these methods offers distinct advantages and disadvantages, 

making them suitable for different applications within pharmaceutical production (Wang et al., 2023). 

Extrusion printing has been used for printing a wide range of oral and oromucosal formulations comprising 

of both immediate and extended-release delivery forms (Park et al., 2019; Zhu et al., 2020). 3D printing has 

been demonstrated to be effective in fabricating buccal films, which facilitate controlled release and enhance 

bioavailability through direct absorption across the oral mucosa. Using this technique, films can also be 

customized in terms of thickness, shape, and drug content, enhancing patient compliance and therapeutic 

effectiveness (Jovanović et al., 2021). 

1.2 Thesis aims. 

The main aim of this thesis is to formulate and develop buccal formulations with cannabinoids possessing 

sustained release properties and improved bioavailability. Two types of dosage forms were developed for this 

purpose, mucoadhesive in-situ gels, which are formulations that transition from liquid to gel once in contact 

with the buccal mucosa, and 3D printed mucoadhesive films. Both types of formulations were loaded with 

CBD and THC in a similar (1:1) ratio, consistent with the oromucosal formulation Sativex. In the formulation 

process, various combinations and concentrations of in-situ gelling and mucoadhesive polymers are 

optimized to achieve the desired properties. The mechanical and physicochemical characteristics of the 

formulations are extensively analysed, along with their in-vitro release profiles and ex-vivo permeation 

capabilities, to ensure effective delivery of cannabinoids through the buccal mucosa. Both types of buccal 

formulations are specifically designed to release cannabinoids in a sustained manner, aiming to improve 

patient compliance and enhance therapeutic outcomes.  
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Specific objectives of this thesis are: 

i. To enhance the solubility and permeation profiles of cannabinoids, by incorporating cyclodextrins to 

form inclusion complexes and terpenes, respectively in the developed formulations. 

ii. To investigate various in-situ gelling mechanisms, polymer concentrations, and excipients, while 

studying sol-gel transitions to establish optimal formulation parameters 

iii. To utilize 3D printing extrusion technique to develop mucoadhesive buccal films with sustained 

release properties.  

iv. To compare the mucoadhesive polymers HPMC and Carbopol incorporated into the in-situ gelling and 

3D printed formulations. 

v. To evaluate the characteristics of the developed formulations in terms of their physicochemical and 

mechanical properties, release profiles, permeation capabilities, and stability. 

1.3 Thesis structure 

This thesis is structured with an introductory chapter 1, followed by a literature review forming Chapter 2. It 

contains five experimental Chapters 3 to 6, culminates in a final discussion and conclusion in Chapter 7, and 

is accompanied by a thorough reference list. 

1.4 Thesis overview 

Chapter 2 Literature review on cannabinoid buccal delivery: approaches to formulation, fabrication, and 

permeation enhancement 

Buccal formulations deliver active compounds through the mucosal membranes of the mouth, providing an 

effective route for cannabinoid administration. This method bypasses first-pass metabolism, enhancing 

bioavailability and offering rapid onset of action. This chapter has explored potential buccal delivery systems 

for cannabinoids, focusing on strategies to overcome poor oral bioavailability, first-pass metabolism, and 

variable absorption. Different formulation strategies, including mucoadhesive polymers, lipid-based systems, 

inclusion complexes, nanoformulations, and terpene-enhanced platforms has been discussed to improve 

solubility, stability, and mucosal permeation. The chapter also analysed mechanisms of release, including 

controlled, immediate, and targeted delivery. Dosage forms such as sprays, solid mucoadhesive films, and in-

situ gels have been compared in terms of release profiles, residence time, and patient acceptability. Advanced 

fabrication technique has been identified for producing personalized, sustained-release formulations Finally, 

has highlighted future directions for research and innovation in buccal cannabinoid formulations, providing a 

comprehensive overview of the factors influencing their design and effectiveness. 

Chapter 3 Pre-formulation approaches to improve solubility and permeation of cannabinoids. 

This chapter explored the properties of cannabinoids and polymers suitable for developing in-situ gels and 

3D printed films. The information obtained from this chapter have been used for formulating these dosage 
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forms and analysing them under appropriate conditions. Isolated cannabidiol and THC dominant distilled oil 

were analysed for their physical and chemical properties, including solubility studies, and the drug’s in-vitro 

permeation profiles, which was essential for developing stable and effective formulations. In terms of 

solubility, β-cyclodextrin and hydroxypropyl β-cyclodextrin were used to develop inclusion complexes and 

were compared for their effectiveness to form such complexes with both the cannabinoids based on their in-

vitro dissolution profiles. Furthermore, various concentrations and combinations of terpenes were 

investigated for their permeation-enhancing effects on cannabinoids across porcine buccal mucosa. 

Previously validated analytical method high performance liquid chromatography (HPLC) was confirmed by 

determining the limit of quantitation in this chapter.  

Chapter 4 Development of thermoresponsive mucoadhesive in-situ gels for buccal cannabinoid delivery 

In chapter 4, temperature induced in-situ gelling polymers such as poloxamers were utilized as cannabinoid 

delivery vehicles, as they are known for their wide range of mucosal applications and prolonged release 

properties. They possess the ability to self-aggregate into micelles at certain temperatures, allowing them to 

transition from liquid to gel like states and vice versa when reverting the temperatures. To achieve gelling 

above 35 °C, which is ideal for the buccal cavity, and to enhance the mechanical properties of poloxamer gels, 

various concentrations of poloxamers were optimized alongside different mucoadhesive polymers, such as 

HPMC and carbopol, in varying concentrations. Additionally, the suitability of other excipients in the 

formulations was assessed. Optimizations were carried out using the design expert software, where 

parameters identified include sol-gel transition temperatures, time, and gelling capacity by measuring 

viscosity at room temperature and at 37 °C. Formulations were incorporated with either only CBD or both 

CBD and THC in 1:1 ratio. Optimized formulations with either HPMC or carbopol were then compared for 

their mucoadhesive strength, mechanical, physicochemical, in-vitro release, and ex-vivo permeation profiles. 

Six-month stability of the formulations in 4°C conditions was determined.  

Chapter 5 Mucoadhesive ion-responsive in-situ gels for buccal drug delivery of cannabinoids 

In this chapter, ion induced gelation mechanisms were explored for the development of buccal in situ gels 

using gellan gum and carrageenans as the primary gelling polymers. Gellan gum and carrageenans, specifically 

kappa and iota types, were investigated for their cation induced gelling ability when combined with 

cannabinoids, either CBD alone or in combination with THC in similar ratios. For both gellan gum and 

carrageenan systems, various polymer concentrations were optimized along with appropriate cationic salts, 

and mucoadhesive polymers, HPMC or Carbopol, by assessing sol gel transition time, fluidity at room 

temperature, and gelling capacity. Optimized formulations were evaluated for mechanical strength, 

mucoadhesive performance, in vitro drug release profiles, and ex vivo buccal permeation to ensure efficient 

and sustained cannabinoid delivery. Additionally, stability studies were conducted at 37 °C over periods of 

one, three, and six months, focusing on sol gel transition behaviour, pH, drug content, and visual appearance, 

to assess the robustness of the formulations. The incorporation of previously identified excipients was 
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maintained throughout to ensure consistency in formulation performance. These ion-induced in situ gels 

demonstrate a promising strategy for buccal cannabinoid delivery. By providing controlled release at the site 

of administration, these novel formulations have the potential to enhance bioavailability, prolong mucosal 

residence time, and improve the overall therapeutic efficacy of cannabinoid-based treatments. The study 

highlights the versatility of gellan gum and carrageenan-based gels as non-invasive, patient friendly delivery 

platforms with broad clinical potential. By ensuring that cannabinoids are released in a controlled manner at 

the buccal mucosa, these innovative delivery systems can significantly enhance the effectiveness of 

cannabinoid therapies.  

Chapter 6 Development and characterization of 3D-printed mucoadhesive buccal films of cannabinoids 

In this chapter, optimized concentrations of mucoadhesive polymers HPMC and carbopol were used to 

prepare bioinks incorporated with inclusion complexes of cannabinoids and terpenes, along with other 

selected excipients. The bioinks were printed using Allevi 2 3D printer with optimized printing parameters. 

Printed films were then characterised for their mechanical and physicochemical properties, ex-vivo 

permeation, and in-vitro release profiles. Films remained stable and adhesive to the porcine buccal mucosa 

for over an hour, indicating their effectiveness for prolonged drug delivery. Overall, 3D-printed films 

developed have the potential to serve as a promising delivery system for cannabinoids, improving patient 

compliance and therapeutic outcomes through effective buccal administration. 

Chapter 7 General discussion 

This chapter will comprise an in-depth analysis of the results from the previous chapters. This will be done by 

interpreting the obtained results, determining their significance, and exploring this research done in context 

with previous studies identified from the literature. A critical discussion will also be done on the benefits and 

limitations of this research while pointing towards future studies such as in-vivo pharmacokinetics for the 

formulation with optimal excipients and desired properties. 
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Abstract 

Cannabinoids such as cannabidiol (CBD) and tetrahydrocannabinol (THC) have garnered significant 

interest for their broad-spectrum pharmacological activity in managing chronic pain, neurological 

disorders, and cancer-associated symptoms. Despite their therapeutic promise, clinical translation 

remains hindered by poor aqueous solubility, extensive first-pass metabolism, and inconsistent systemic 

exposure following oral administration. Buccal drug delivery systems offer a viable alternative by enabling 

transmucosal absorption, bypassing hepatic metabolism, and facilitating both rapid and sustained drug 

release. This review examines the evolution and design of buccal dosage forms, including fast-dissolving 

films, mucoadhesive matrices, in-situ gels, and particulate systems and highlights the critical role of 

formulation strategies in enhancing cannabinoid bioavailability. Fabrication techniques such as solvent 

casting, hot melt extrusion, and emerging 3D printing methods are also discussed, with a focus on their 

potential to enable personalized dosage forms. Furthermore, the integration of permeation enhancers 

like terpenes, and novel systems such as inclusion complexes and lipid-based carriers, presents new 

opportunities for improving the solubility and stability of lipophilic cannabinoids. Together, these 

innovations provide a framework for the development of stable, effective, and patient-centric buccal 

cannabinoid delivery platforms with improved pharmacokinetic and therapeutic profiles. 
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2.1 Introduction  

Cannabinoids are being increasingly harnessed for their medicinal properties in various dosage forms, with 

the most common routes of administration being oral and pulmonary. Smoking/inhaling cannabis is the most 

common and preferred route for both recreational and medical uses because it provides rapid effects and 

efficient delivery (Eisenberg et al., 2014; Huestis, 2007). Despite the advantages, smoking/vaporization of 

cannabis is associated with side effects due to mixed tobacco/E-liquids, the possibility of toxic compounds 

that are formed at high temperatures, unregulated doses in some cases, and it still remains stigmatized by 

many (Bruni et al., 2018; Czégény et al., 2021; Tijani et al., 2021). Also, cannabis administered via the 

pulmonary route faces fluctuation of absorption and bioavailability due to inter- (between individuals) and 

intra-individual (within individuals across varying observations) variabilities arising from differences in 

frequency and depth of inhalation and titration of dose (Badowski, 2017; Millar et al., 2018). This variation is 

also observed with the most frequently used oral route due to factors such as food or drinks consumed. 

Furthermore, the bioavailability of cannabinoids remains a significant limitation in developing oral 

formulations (Thomas & Pollard, 2016), which is mainly due to its degradation in the gastrointestinal tract 

(GIT), inadequate absorption in GIT, and first-pass metabolism in the liver (Catherine J Lucas et al., 2018; Millar 

et al., 2018). Moreover, once subjected to first-pass metabolism, the metabolites such as 11-OH-THC (11-OH-

Tetrahydrocannabinol) can be four times more psychoactive than THC, posing more side effects (Poyatos et 

al., 2020). Hence, research is focused on developing formulations for delivery via routes not affected by first-

pass effects such as oral mucosa (oro-mucosal), including buccal, sublingual, transdermal, rectal, and 

intranasal routes. 

Constraints for the oro-mucosal delivery of the currently approved product, Sativex, are mainly related to the 

stability of the dosage form in the oral cavity and poor bioavailability since most of the formulation is 

accidentally swallowed rather than being absorbed into the mucosa, which leads to oral delivery rather than 

oro-mucosal (Karschner et al., 2011). Limitations also include the need for frequent administration (Duran et 

al., 2010), slow onset of action (Tanasescu & Constantinescu, 2013), and long-term adverse effects of mouth 

lesions due to the use of excipient ethanol (Scully, 2007). Limitations of Sativex highlight another essential 

consideration for developing cannabis formulations, which is the release characteristics of the dosage form. 

Most of the research done so far with oro-mucosal delivery of cannabinoids remains constrained to 

revamping Sativex in terms of its dosage form for targeted delivery into the oral mucosa failing to address the 

dosage form’s drug release properties.  

Medications can be formulated in either conventional or sustained-release dosage forms. Traditional fast-

release formulations face severe adverse effects as a result of requiring frequent administration of high doses 

of therapeutics. However, sustained/extended-release systems can provide prolonged release of medication, 

eliminating the need for repeated administration, and are generally of lower cost. Furthermore, the slow 

expulsion of the active ingredient from sustained-release formulations avoids severe effects from the sudden 
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release of high doses into the system seen with conventional drugs (Laffleur & Keckeis, 2020). Sustained 

release of therapeutics from dosage forms largely depends on the increased resident time of the formulation 

in the region of application/administration, which can be achieved by modifying the type of dosage form 

developed and by using excipients that prolong the release of the drug (Vlachou et al., 2018).   

The bioavailability and controlled release of active ingredients, particularly cannabinoids, are critical factors 

affecting their therapeutic efficacy. Thus, the careful selection of excipients and their concentrations is crucial 

for achieving optimal formulation performance (Peera Tabboon et al., 2022). Moreover, increasing the 

residence time of the formulation in the oromucosal space can significantly enhance drug absorption through 

the buccal mucosa, providing higher systemic availability compared to conventional formulations such as 

Sativex (Karschner et al., 2011). By prolonging contact with the mucosal surface, mucoadhesive systems not 

only facilitate more efficient drug permeation but also allow for controlled, sustained release, improving 

therapeutic outcomes while reducing dosing frequency and potential side effects. 

This review will explore drug delivery of cannabinoids (CBD and THC) via the buccal route, comparing it with 

other oro-mucosal routes of administration. It will discuss suitable polymers and excipients for buccal 

delivery, fabrication techniques for various dosage forms, and strategies to enhance bioavailability and 

prolong the release of cannabinoids. Additionally, the review will examine current research on oromucosal 

cannabinoid products.  

2.2 Drug delivery through the oral mucosa  

Oro-mucosal drug delivery systems mitigate the challenges associated with the limited bioavailability of 

conventional oral routes and provide a more convenient alternative to intravenous administration (Zhang et 

al., 2002). There are different routes available for administering drugs within the oral mucosa, including 

buccal, gingival, sublingual, and soft-palatal mucosa (Figure 2.1) (Shery Jacob et al., 2021). The selection of 

the delivery route within the oral mucosa is determined by whether the drug is intended for local or systemic 

effects. Delivery into the gingival regions, encompassing sites near the teeth and negligible areas of the 

alveolar bone, is limited for local drug requirements and not feasible for systemic delivery. While the soft-

palatal sites, consisting of the soft tissues on the roof of the mouth, provide an optimal pH of 7.34 ± 0.38 for 

stable drug delivery and produce minimal saliva, they are also susceptible to risks associated with the 

inadvertent swallowing of the medication (Liang et al., 2020; Shakya et al., 2011). Furthermore, the 

keratinized epithelial layers of the gums and soft palate display permeation rates comparable to those of the 

skin, which are significantly lower than the higher absorption rates observed in the non-keratinized buccal 

and sublingual mucosal tissues (Montero-Padilla et al., 2017). Therefore, buccal and sublingual mucosa are 

commonly chosen for systemic drug delivery because they offer enhanced absorption rates and improved 

bioavailability compared to other oral mucosal sites.  
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Figure 2.1. Regions of the oral cavity (Adopted from (Shery Jacob et al., 2021)).  

2.2.1 Buccal and Sublingual mucosa 

The buccal and sublingual mucosa, comprising the inner cheek lining and the floor of the mouth (under the 

tongue), respectively, are popular routes for delivering systemic drugs; comparisons of these regions are 

represented in Figure 2.2 (Hua, 2019). The buccal region has a relatively larger surface area (around 53 cm2) 

and thicker stratified squamous (SS) epithelial layer of cells (500–800 µm) compared to the sublingual region 

having a surface area of 27 cm2 and SS epithelial layer of cells comprising 100–200 µm thickness. Under this 

SS epithelial layer lies a mesh of blood vessels, capillaries, and smooth muscles forming the connective tissue, 

through which the drugs administered enter systemic circulation (Gilhotra et al., 2014; Hua, 2019). The 

transport of drugs within the layers of the buccal and sublingual regions involves concentration gradient 

dependent, transcellular and paracellular pathways. Essential characteristics of the drug governing transport 

across these regions include lipophilicity, molecular size, and degree of ionization (pKa). Lipophilicity of the 

drug plays a crucial role in transport, as lipophilic drugs can easily travel through the transcellular route to 

cross the phospholipid layers of the cells. However, despite paracellular paths being available for hydrophilic 

drugs, their movement is limited by the tight junctions present. Small-sized drug molecules (<500 Da) can 

efficiently permeate, even via tight junctions. High logP values (>2) and non-ionizable drugs are found to be 

preferable (Lam et al., 2020). Drug bioavailability and stability in formulations, in addition to absorption and 

transport features of the medicine, are also dependent on factors such as saliva flow, pH of the oral cavity, 

and the residence time of the formulation (Hua, 2019).  
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Figure 2.2 Comparison of the buccal and sublingual regions for systemic drug delivery (Adopted from (Hua, 2019)).   

Both the sublingual and buccal routes offer advantages in terms of ease of drug delivery and patient 

compliance. The sublingual route provides the added benefit of faster drug absorption due to its ability to 

quickly penetrate the mucosal membranes, whereas the buccal region experiences slower penetration due 

to the presence of a larger number of smooth muscles. However, the sublingual region is generally not 

suitable for sustained drug release systems as it is constantly affected by saliva secretion and movement of 

the tongue. Furthermore, buccal mucosa has the lowest enzyme activity in the oral mucosa and an 

intermediate turnover time of the cells (4-14 days) compared with rapid intestinal and prolonged skin cells. 

Thus, formulations that possess mucoadhesive properties can reside and act as controlled release systems 

dispensing the drug slowly (Narang & Sharma, 2011; Pather et al., 2008; Rao et al., 2013). Additional benefits 

of the buccal route include a lower risk of drug degradation due to enzymatic activity. Moreover, patient 

comfort is preserved through easy administration and the safe removal of dosage forms in cases of mucosal 

irritation (Barua et al., 2016).  

2.3 Release characteristics of buccal formulations 

Various types of dosage forms have been developed to deliver active ingredients/drugs across the buccal 

mucosa, depending on the clinical indication for which they are used. These include hydrogels, mucoadhesive 

carrier systems, bioadhesive wafers and lozenges, thin films, in-situ gels, tablets/capsules, carrier oils, 

extracts, sprays, and particulate systems. Each type of dosage form offers distinct advantages depending on 

the drug’s characteristics and the required pharmacokinetic profile (Barua et al., 2016). Drugs can either be 

required to provide rapid and immediate complete effects within a few minutes of administration or 

prolonged effects, where the drug is released gradually over an extended period.  

2.3.1 Conventional fast dissolving immediate release dosage forms 

Conventional buccal drugs are formulated using excipients that wholly and quickly dissolve and release the 

medicine in a burst effect, making it immediately available for pharmacological action. It should however be 
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noted that this burst effect is only ideal for drugs to be used in low concentrations, such that there are no 

toxic effects seen with high concentrations of the administered drugs (Costa et al., 2019). These therapeutics 

are issued for conditions of pain and nausea after acute migraine, anti-epileptic, and anti-histaminic effects 

in paediatric and geriatric patients (Bala et al., 2013). Fast-dissolving polymer matrices can be developed in 

various dosage forms, including thin films, orally disintegrating tablets, and lyophilized (freeze-dried) wafers. 

Soluble hydrophilic polymers, with or without mucoadhesive properties, are used for developing these fast-

dissolving compositions (Mahajan et al., 2011). 

2.3.2 Sustained release formulations 

Sustained-release formulations can be developed as either slow or fast-dissolving dosage forms. Approaches 

to developing such formulations include using excipients such as mucoadhesive polymers that release the 

active pharmacological ingredient (API) in a sustained fashion, developing in-situ gels, fabricating 

micro/nanoparticulate dosage forms with or without a pharmacological base, and controlling the type of 

dosage form produced– bi/multi-layered (Vlachou et al., 2018). 

2.3.2.1 Mucoadhesive polymeric formulations 

Mucoadhesive polymers are the most commonly used excipients for developing various dosage forms, 

including gels, lozenges, solutions, wafers, microparticles, films, and tablets, and are often used along with or 

as a base of dosage forms such as in-situ gels or nanoparticles, respectively (Chinna Reddy et al., 

2011). Different theories govern the adhesion of these polymers to the buccal mucosa, creating the contact 

and consolidation stages. The contact stage is when the formulation encounters the soluble mucins, swells, 

and is wetted. After this, various noncovalent bonds interconnect the formulation with bound mucins, which 

diffuse and further form both non-covalent and covalent bonds (Rao et al., 2013). Ideally, a mucoadhesive 

polymer is required to have a molecular weight > 100 kDa, long and flexible polymer chains with lower 

crosslinking density, presence of charges and groups involved with strong hydrogen bonding, and favourable 

surface properties for good adhesion onto the mucosa. They are usually classified into first-generation and 

new second-generation polymers. However, the classification can also be based on factors such as their 

charge (anionic or cationic), origin (natural, synthetic, or semisynthetic), water solubility, and mucoadhesive 

interactions (including electrostatic, covalent, or hydrogen bonding) (Khutoryanskiy, 2011). Different 

properties of polymers such as degree and rate of swelling influence their muco-adhesiveness. Insoluble 

mucoadhesive polymers have been employed to help the drugs slowly diffuse into the target environment, 

even for longer than 20 hours. However, to avoid mucosal irritation and provide better patient compliance, 

formulations are required to have a maximum residence time of 4-6 hours in the buccal mucosa (Russo et al., 

2016).  

Mucoadhesive polymeric dosage forms with sustained-release properties can be slow or fast dissolving. 

Formulations that dissolve slowly usually employ a slowly dissolving polymer layer to provide uni-directional 
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sustained release of the API (Shery Jacob et al., 2021). Fast dissolving sustained-release formulations are 

developed with drug-particulate systems in a fast-dissolving polymer base. Rapid dissolution of the 

pharmacological base helps to eliminate formulation discomfort at the buccal cavity. It ensures that the drug-

particulate system is released completely in a short period of time into the mucosal layers, where the 

particulate system can slowly release the drug (Allam & Fetih, 2016).  

2.3.2.2 Particulate systems 

Research by Jelvehgari et al. (2016) showed that particulate dosage forms exhibit slower release 

characteristics when compared with mucoadhesive films. However, these micro/nanoparticles succumb to 

easy washout in the mouth or accidental swallowing. Hence, stable formulations are developed with these 

particulate systems incorporated into hydrophobic mucoadhesive polymers for slow/fast dissolving and 

release properties (Barua et al., 2016). Despite this, the success of such drug-particulate systems is limited by 

their ability to remain in the mucosal layers without being displaced by saliva. While multi-layered 

formulations, featuring layers designed for uni-directional flow, mucoadhesive particulate systems, and 

penetration enhancers, help mitigate this issue to some extent (Patel et al., 2007; Rana & Murthy, 2013), 

concerns persist regarding the potential toxicity and side effects of these particulate systems accumulating in 

various organs, particularly in cases of unintended swallowing. 

2.3.2.3 In-situ gels 

In-situ gels are smart formulations that can transition from liquid to gel or powder to gel once in contact with 

the physiological environment of the human body. These gels can be fabricated to provide both local and 

systemic drug effects. In-situ formulations provide the benefits of intimate adherence to the mucosa layer 

with increased residence time and ease of applying evenly distributed formulations (Shery Jacob et al., 2021; 

Forouhe Zahir-Jouzdani et al., 2018). Physiological/physical mechanisms that form the gel inside the body 

include temperature-induced, pH-induced, and ion-induced (A. M. Prasannan et al., 2018). Polymers that gel 

upon stimulation by temperature changes are further classified into negatively activated, positively 

stimulated, and reversible polymers. Negatively induced polymers possess lower critical solution 

temperatures (LCST), above which they gel and exist as a flowable liquid below these temperatures. Positively 

induced polymers holding upper critical solution temperature (UCST) present as a liquid and gel above and 

below this temperature, respectively (Huang et al., 2019). Thermoreversible polymers show reversible 

gelation by harnessing the ability to convert into a liquid again upon cooling (Jain et al., 2016). Table 2.1 

presents the advantages and disadvantages of various physiological mechanisms of gelation, along with the 

commonly used polymers associated with each mechanism. 

Chemical methods include enzymatic crosslinking, irradiation, click-reaction, genipin, and thiol oxidation 

stimulated gelling reactions (Forouhe Zahir-Jouzdani et al., 2018). Chemical methods of gelation involve 

chemical reactions crosslinking the polymer chains. Although crosslinking is known to develop hydrogels with 
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improved mechanical strength, chemical reactions producing side products or even the crosslinkers used, 

have the potential to be toxic to cells. Chemical reactions such as click-reactions, enzymatic reactions, and 

other crosslinking strategies have been developed to provide with non-toxic side products. However, 

instability of gelation or of the enzymes/crosslinkers used and weak mechanical properties of the product 

gels remain significant constraints (Bi & Liang, 2016).  

Table 2.1 Benefits and limitations of physiological mechanisms of gelation. 

 

Physiologically responsive in-situ gels are known to have weak mechanical attributes, require extended time 

to gel, and in case of thermoresponsive poloxamers even lack mucoadhesion (Huang et al., 2019; Forouhe 

Zahir-Jouzdani et al., 2018). Incorporating mucoadhesive polymers such as carbopol, HPMC, and hyaluronic 

acid have been shown to reverse the limitations of these gels and develop sustained-release formulations 

(Elmowafy et al., 2019; Mayol et al., 2008; P. Ravi et al., 2015; Barbara Vigani et al., 2019).  

Physiological 
mechanism of 
gelation 

Commonly used 
polymers 

Benefits Limitations References 

 

 

 

 

Temperature-induced 

 

 

- Negatively induced- 
poly-N-isopropyl 
Acrylamide, 
Chitosan, cellulose, 
PEG, PLGA 

- Positively induced- 
Gelatine, amylose, 
polyacrylamide, 
Polyacrylic acid 
(PAA), agarose, 
amylopectin 

- Reversible - 
poloxamers 

- Easy adjusting of LCST and 
UCST by 
combinations/varying 
concentrations of polymers 

- Absence of any significant 
irritation with poloxamers at 
mucosal sites 

- Transition at body 
temperature is safe 

- Does not require any 
harmful crosslinkers 

 

- Storage issues 

- Low mechanical 
strength 

- Rapid erosion 

- Poor mucoadhesion 

-Slow gelling time 

(Budumuru et al., 
2020; Huang et al., 
2019; Wu et al., 
2019; Forouhe Zahir-
Jouzdani et al., 2018) 

 

Ion-induced 

Gellan gum, Sodium 
alginate, 
Carrageenan, pectin 

- Non-irritant in nature 

- Use of natural polymers 

- Non-cytotoxic 

 

- Weak mechanical 
properties 

- Formation of 
heterogeneous gels 
in some cases 

(Wu et al., 2019; 
Forouhe Zahir-
Jouzdani et al., 2018) 

 

 

 

pH-induced 

PAA derivatives such 
as carbopol's and 
polycarbophils, and 
chitosan. 

- Good stability with drugs 
not sensitive to pH changes. 

- Some polymers such as 
carbopol are found to be 
sufficiently mucoadhesive. 

 

 

-Requires 
acidic/basic 
conditions to 
maintain low 
viscosity in solution 
state 

- Limited in their 
ability to deliver pH-
sensitive actives 

- Can cause 
discomfort at the site 
of application 

(HB N & Pawar, 2010; 
Wu et al., 2019; 
Forouhe Zahir-
Jouzdani et al., 2018) 
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2.4 Mucoadhesive polymers used in buccal formulations. 

Polymers that are widely utilized in buccal drug delivery systems and possess mucoadhesive properties due 

to strong hydrogen bonding include a range of natural, synthetic, and semisynthetic materials. These 

polymers are particularly effective in enhancing the adhesion of drug formulations to the buccal mucosa, 

improving the retention time and thus the therapeutic efficacy of the drug (Asane et al., 2008; Chatterjee et 

al., 2017). Commonly used mucoadhesive polymers for buccal drug delivery applications include 

polyacrylates, cellulose derivatives, alginate, chitosan, pectin, and hyaluronic acid.  

2.4.1 Polyacrylates  

Synthetic polymers like polycarbophils and carbomers (e.g., carbopol) are polymers of acrylic acid 

(polyacrylates). These polymers are able to form hydrogen bonds with the mucosal surface, allowing them to 

adhere strongly to the buccal tissue. Their ability to swell in water and form gels further enhances their 

adhesive strength, making them ideal for controlled or sustained drug release applications in buccal systems 

(Chatterjee et al., 2017). A systematic review conducted by Mohammad Hamdi, Azmi, Mohd Sabari, et al. 

(2023) highlighted carbopol's effectiveness as a mucoadhesive polymer, demonstrating its ability to provide 

strong mucoadhesion, extend residence time in the oro-mucosal cavity, and enhance the permeation of active 

ingredients. 

2.4.2 Cellulose derivates 

Cellulose derivates like hydroxypropyl cellulose (HPC) and hydroxypropyl methyl cellulose (HPMC) adhere to 

mucosa by the strong hydrogen bonds coupled between the carboxylic group and glycoproteins found in 

mucin, contributing to a stable and prolonged adhesion to the buccal mucosa. These polymers are commonly 

used in the formulation of buccal tablets, films, and gels, offering advantages like easy fabrication and the 

ability to control drug release (Chatterjee et al., 2017). The concentration of HPMC plays a significant role in 

modulating the drug release profile in mucoadhesive formulations. In a study by Jaipal et al. (2015) involving 

buccal discs, it was found that increasing the concentration of HPMC led to a slower release of mannitol. This 

was attributed to the more substantial gel formation at higher concentrations, which created a more rigid 

structure, reducing the rate at which the drug was released. However, the higher concentration of HPMC also 

improved mucoadhesion, leading to an extended residence time of the formulation in the oro-mucosal cavity. 

2.4.3 Alginate 

Alginate, a natural polysaccharide extracted from seaweed, contains both hydroxyl and carboxyl functional 

groups capable of forming hydrogen bonds with the mucosal surfaces. These interactions contribute to its 

mucoadhesive properties, making alginate an effective material for buccal drug delivery systems. The 

mucoadhesive strength of alginate is pH-dependent, with lower pH levels leading to reduced chain 

entanglement of the alginate polymer. This decrease in chain entanglement results in a smaller surface area 
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of contact between the alginate and mucin, thereby reducing its mucoadhesive properties (Chatterjee et al., 

2017). In addition to its mucoadhesive properties, the use of alginate as a single polymer in drug delivery 

systems presents some limitations. One significant drawback is its relatively low gel strength, which leads to 

the formation of soft gels that may not provide adequate mechanical support for sustained mucoadhesion 

(Ahmad Raus et al., 2021). Additionally, alginate's in vivo degradation is typically slow and can be 

unpredictable, which may compromise its effectiveness in drug release applications. These challenges can be 

mitigated by combining alginate with other mucoadhesive polymers, such as chitosan, carbopol, or HPMC, 

which can enhance its mucoadhesive strength, improve gel integrity, and optimize the degradation rate 

(Bouhadir et al., 2001). Alternatively, the formation of alginate microparticles can address these issues by 

increasing the surface area available for interaction with mucosal tissues, thereby enhancing mucoadhesion 

(Ahmad Raus et al., 2021; Chatterjee et al., 2017). 

2.4.4 Chitosan 

Chitosan, a cationic polymer derived from chitin (typically sourced from crustaceans), is extensively studied 

and commonly used in mucoadhesive formulations, particularly in drug delivery. Its solubility in weak acids, 

such as acetic acid, results from the protonation of its amino groups (-NH2) at low pH, which enhances its 

mucoadhesive properties in acidic environments. Chitosan's mucoadhesion is driven by hydrogen bonding, 

electrostatic interactions, and conformational flexibility, which enable strong adhesion to mucin. The extent 

of adhesion varies with mucin composition, particularly sialic acid content. In buccal drug delivery 

applications, chitosan faces limitations such as inadequate mechanical strength and excessive swelling, which 

can impair the controlled release of drugs. However, studies have demonstrated that these issues can be 

moderated through chemical modification or derivatization of chitosan, enhancing its stability and extending 

its release profile (Arpa et al., 2023; Chatterjee et al., 2017). 

2.4.5 Pectin 

Pectin, a biodegradable polysaccharide extracted from cell walls of plants, exhibits mucoadhesion through 

hydrogen bonding and electrostatic interactions with mucin. The carboxyl groups in pectin facilitate H 

bonding, while increased pectin concentration in aqueous solutions can cause electrostatic repulsion, leading 

to polymer chain uncoiling and enhanced adhesion. Although hydrogen bonding and electrostatic repulsion 

mechanisms appear contradictory, both contribute to mucoadhesion. As a hydrophilic polymer, pectin is 

highly susceptible to water, which can limit its effectiveness in sustained-release buccal formulations by 

promoting rapid swelling and degradation. However, research has demonstrated that crosslinking pectin can 

mitigate these water-sensitive limitations by enhancing its structural integrity and reducing its solubility in 

aqueous environments. While crosslinking improves the stability of pectin in sustained-release applications, 

it has been observed to reduce its mucoadhesive properties (Szekalska et al., 2023). 
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2.4.6 Hyaluronic acid 

As a biodegradable and biocompatible polymer, hyaluronic acid is another common polymer extensively 

researched for its mucoadhesive properties. Its bioadhesive properties are primarily attributed to its random 

coil structure, which allows entanglement with the mucosal layer by formation of hydrogen bonds, enhancing 

mucoadhesion. Previous research has demonstrated that by structurally modifying the compound by 

introducing thiolation or by lowering its molecular weight, its mucoadhesive properties can be enhanced. 

Such modifications allow for sustained release and improved drug absorption, making hyaluronic acid a 

versatile material for buccal drug delivery systems (Chatterjee et al., 2017). 

2.5 Techniques for fabricating buccal formulations 

Developing buccal formulations requires a focus on creating dosage forms that can be administered through 

the mucosal lining of the mouth. Fabrication techniques involved depend on the choice of dosage form being 

developed. The choice of formulation directly influences the manufacturing method, which must ensure the 

proper release profile, drug stability, and patient acceptability.  

2.5.1 Solid dosage forms  

Typical solid dosage forms include tablets and films/patches, with each involving different fabrication 

techniques (Chinna Reddy et al., 2011).  

2.5.1.1 Buccal tablets  

Buccal tablets are one of the most common solid dosage formulations, which dissolve or disintegrate in the 

buccal mucosa allowing the drug to be absorbed. These are typically formulated using direct compression, a 

process that begins by ensuring the drug and excipient particles have a consistent size, either by mixing them 

directly or using a mortar and pestle. Next, binders and lubricants are added to the blend. The final mixture 

is then compressed into the desired shape and size, usually using a tablet compression machine (Çelik, 2017). 

Tablets are formulated with the ability to release the drug to be absorbed directly into the buccal mucosa or 

in the saliva, wherein they may face the constraint of being accidentally swallowed. Furthermore, tablets are 

usually found to cause patient discomfort, especially when fabricated for sustained release of active 

ingredients (Chinna Reddy et al., 2011).   

2.5.1.2 Buccal films and patches 

Buccal films and patches are among the most widely preferred dosage forms by patients due to the comfort 

provided by their flexibility and are ideal for delivering active ingredients in a sustained fashion. They are 

generally fabricated using either solvent casting or hot melt extrusion. Hot melt extrusion technique involves 

heating a mixture of drug and other excipients and extruding the molten substance through an orifice or 

mould to form homogeneous films. This technique is suitable for drugs that are poorly soluble, as they can 

be easily dispersed in the dosage forms. However, it is limited for active ingredients, polymer, and other 



32 
 

excipients that are temperature sensitive (Chinna Reddy et al., 2011; Shipp et al., 2022). Solvent casting is a 

process where the drug and excipients are dissolved in a solvent, which is then poured onto a flat surface to 

form a thin layer. Afterward, the solvent is allowed to evaporate, leaving behind a thin film. While solvent 

casting is an effective method for producing buccal films, several factors can impact the quality and safety of 

the final product, such as drug stability, solvent residues, and film uniformity. Some drugs may degrade during 

the process, and residual solvents, particularly organic ones, can pose toxicity risks or cause irritation. 

Achieving consistent film thickness and drug distribution is also challenging, which can affect drug release 

and efficacy (Shipp et al., 2022). Other methods for fabricating films include electrospinning and spray drying. 

The former includes the application of high voltage to create polymer fibres that are then collected, while the 

latter involves atomizing a drug-polymer solution into a fine mist, which is subsequently dried to form films. 

Both electrospinning and spray drying have limitations in developing buccal films, including challenges with 

achieving uniform drug distribution and controlling the mechanical properties of the films (Łyszczarz et al., 

2021; Wang et al., 2022).  

2.5.2 3D printing techniques for fabricating solid dosage forms 

Three-dimensional printing is a type of additive manufacturing fabrication method that involves depositing 

material in a layer-by-layer fashion. 3D printing provides the ability to achieve consistent drug distribution 

within the material, ensuring uniformity throughout the dosage form. This technology also enables the 

creation of personalized dosages tailored specifically to individual patient needs. By customizing the shape, 

size, and drug release profile, 3D printing allows for more precise control over the therapeutic dose, 

accommodating variations in patient-specific factors such as age, weight, and disease conditions (Siamidi et 

al., 2020; Zhu et al., 2020). There are several 3D printing techniques, with fused deposition modelling (FDM) 

and extrusion-based printing being among the most widely used for the development of buccal formulations 

(Shipp et al., 2022).  

2.5.3.1 Fused deposition modelling (FDM) 

In FDM, the material, typically a polymer or drug-loaded composite, is heated and extruded to form 

thermoplastic filaments. These filaments are then used to build up the desired structure layer by layer. When 

combined with Computer-Aided Design (CAD), specific design models with precise shapes and dimensions 

can be created. This technique is particularly suited for creating complex geometries and can be used to print 

mucoadhesive buccal formulations that provide localized drug release. This technique has several limitations 

when applied to pharmaceutical formulations, including a restricted range of suitable materials, particularly 

for heat-sensitive drugs, as the high temperatures involved can degrade certain active ingredients. Nozzle 

clogging and filament quality are critical factors that often compromise the quality and dose consistency of 

the dosage form developed (Elkanayati et al., 2022; Shipp et al., 2022).  
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2.5.3.2 Extrusion-based printing 

This technique involves the continuous extrusion of a material through a syringe-based nozzle to build up the 

desired shape layer by layer. It is commonly used in the pharmaceutical industry for creating oral dosage 

forms, including buccal patches and films, as it allows for the integration of multiple components (e.g., drugs, 

excipients, and polymers) into a single printed object with high precision. Extrusion-based 3D printing of 

polymers, especially natural mucoadhesive polymers, has been found to be beneficial to fabricate controlled 

drug release systems (Aguilar-de-Leyva et al., 2020; Azad et al., 2020; Park et al., 2019). Bioprinting, a 

technique used to print scaffolds and cells into functional biomaterials, is being popularly used for 3D printing 

pharmaceuticals. Allevi 3D extrusion bioprinter has been widely used for printing oromucosal films. The use 

of extrusion-based bioprinters in pharmaceutical applications offers significant benefits, such as the ability to 

develop films with higher doses. Additionally, this method allows for the printing of thermolabile active 

ingredients and polymers without degradation, due to the lower temperatures required for printing 

compared to the higher temperatures needed in fused deposition modelling and hot melt extrusion 

techniques (Tian et al., 2019). Research by E. Sjöholm and N. Sandler (2019) used Allevi 3D extrusion 

bioprinter to print orodispersible films containing hydroxypropyl cellulose polymer combined with warfarin 

sodium as the active ingredient to provide paediatric and geriatric patients with personalized doses. Another 

study utilized a bioprinter to fabricate mucoadhesive oromucosal films in various shapes and sizes, 

considering the potential of these films to be tailored to meet specific patient needs for treating mouth ulcers 

(Shipp et al., 2022).  

A significant example of 3D printing's capability to produce personalized pharmaceutical doses was seen in 

2015, when the FDA approved Spritam® (levetiracetam). This orodispersible tablet, created through 3D 

printing, highlighted the potential of additive manufacturing in developing tailored drug formulations 

(Fitzgerald, 2015). Patient-specific personalization of drugs such as cannabinoids can be achieved through 3D 

printing techniques. The technology could transform how cannabis products are made, allowing for not just 

personalization but also precision and new forms of consumption. However, it's an emerging area that is still 

under research. Paraskevi Kyriaki Monou et al. (2022) 3D printed films with polymers such as alginate, along 

with cannabinoids encapsulated in nanoparticles intended for promoting topical wound healing. Research is 

ongoing into oral food-grade formulations of cannabidiol. In a study by Andriotis et al. (2020) , cannabinoid-

based inks were developed using pectin and honey. These inks, when 3D printed and dried, resulted in the 

formation of solid structures suitable for potential oral delivery. Research by Abdella et al. (2023) 

demonstrated the potential of 3D printed mucoadhesive films incorporating nanocarriers of cannabinoids to 

offer sustained release capabilities while also enabling personalized dosing. This highlights the flexibility and 

precision of 3D printing technology in creating tailored cannabinoid formulations with controlled release 

profiles. Highly lipophilic drugs like cannabinoids, coupled with their poor solubility, present significant 
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formulation challenges. To overcome these issues and improve the bioavailability of the dosage forms, careful 

selection of excipients is crucial, especially when designing buccal delivery systems. 

2.5.3 Semi-solid dosage forms 

Semi-solid buccal formulations, including gels, ointments, creams, and pastes, offer numerous advantages for 

localized and systemic drug delivery via the buccal mucosa. Gels are widely favoured, particularly when 

formulated with mucoadhesive polymers, due to their ability to sustain drug release into mucosal tissues. 

However, they often struggle to provide precise drug dosages, which limits their applicability (Barua et al., 

2016). In-situ gels address this limitation by allowing for accurate dosage delivery through a solution-based 

formulation (B. Vigani et al., 2020). Semi-solid dosage forms are typically prepared by either mixing the drug 

and excipients at room temperature (cold-method gelation), evaporating the solvent, or creating emulsions 

by combining oil and aqueous phases, particularly in the formulation of creams (K. Garala et al., 2013; 

Siemiradzka et al., 2020). 

2.6 Formulation strategies for enhanced buccal delivery of cannabinoids 

Cannabinoids such as cannabidiol (CBD) and tetrahydrocannabinol (THC) are highly lipophilic compounds, 

with their logP < 5 values reflecting their significant hydrophobicity. This poor water solubility creates 

formulation challenges, making it difficult to incorporate them into conventional dosage forms (Gallardo et 

al., 2024). Additionally, their low bioavailability upon administration can further hinder the development of 

effective cannabinoid-based therapies. The buccal route, however, offers a promising alternative to enhance 

the bioavailability of cannabinoids. To optimize cannabinoid delivery via this route, formulation strategies 

must focus on integrating these lipophilic active ingredients effectively into dosage forms. This involves careful 

selection of excipients as well as the use of compounds that enhance the permeation of cannabinoids into 

the buccal cavity, ensuring efficient absorption and improved therapeutic outcomes. To address the 

physicochemical challenges of cannabinoids, researchers are exploring innovative dosage forms and 

advanced delivery mechanisms.  

2.6.1 Development of lipid-based formulations 

Cannabinoids such as CBD and THC are soluble in lipids and hence have been formulated as oral and oro-

mucosal solutions using a wide range of oil carriers. Studies have consistently shown that lipid-based dosage 

forms exhibit superior bioavailability compared to lipid-free formulations. This advantage can be attributed 

to several key factors that work synergistically to enhance drug absorption and improve therapeutic 

outcomes. First, lipid-based formulations significantly improve the solubility of drugs, especially those that 

are poorly soluble in water, by incorporating the drug into lipid carriers such as emulsions, micelles, or 

liposomes. This increases the drug's availability for absorption in the gastrointestinal tract. In addition, lipid-

based systems enhance membrane permeability, facilitating the passage of drugs through the intestinal walls 
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and into the bloodstream. The lipid molecules interact with cell membranes, allowing for more efficient 

passive diffusion of the drug, particularly for lipophilic compounds that have difficulty crossing aqueous 

environments. Moreover, lipid-based formulations promote drug absorption via the lymphatic system. 

Researchers have also proven the ability of medium-chain triglyceride oils to significantly improve the delivery 

of CBD (O’Sullivan et al., 2024). However, oil-based formulations delivered via the buccal route face the issue 

of being unintentionally swallowed. Johnson et al. (2024) found that the bioavailability of oral CBD capsules 

and sublingual CBD oils was similar, indicating that the CBD was likely swallowed before any absorption could 

occur through the oro-mucosal membrane. 

2.6.2 Inclusion complexes of cannabinoids 

Inclusion complexes are non-covalent molecular associations where a smaller guest molecule is encapsulated 

within the cavity of a larger host molecule, offering benefits like enhanced solubility, stability, and controlled 

release. Cannabinoids can be encapsulated within the cavity of a host molecule, typically a cyclodextrin or a 

polymer. Cyclodextrins, which are cyclic oligosaccharides, are commonly used as host molecules due to their 

unique ability to form inclusion complexes with a wide variety of substances, including hydrophobic 

compounds like cannabinoids. The host molecule's cavity allows the guest (the cannabinoid) to be trapped 

within, often improving its solubility, stability, and bioavailability. By forming inclusion complexes, the water 

solubility of cannabinoids is enhanced, making them more suitable for oral, sublingual, or topical 

administration. Additionally, these complexes can help protect cannabinoids from environmental factors like 

oxidation and degradation, improving their shelf life and stability (Adriana Ribeiro et al., 2024).  Studies have 

shown that incorporating cannabinoids as inclusion complexes developed with cyclodextrins or chemically 

modified cyclodextrins can improve the permeation, release, and bioavailability of cannabinoids in buccal 

formulations (Mannila et al., 2007; Mannila et al., 2005; Mannila et al., 2006).  

2.6.3 Cannabinoids in nano-formulations 

Nanoformulations, including nanoemulsions, nano-lipid carriers, and nanoparticles, are advanced dosage 

forms that improve cannabinoid stability, enhance absorption through oro-mucosal membranes, and increase 

bioavailability. These nanoformulations improve bioavailability through several mechanisms, such as altering 

surface characteristics, minimizing particle size, optimizing drug distribution, and safeguarding poorly soluble 

compounds. By reducing particle size, these formulations increase the surface area for absorption, leading to 

more efficient uptake by the body. Surface modifications can also enhance interactions with biological 

membranes, facilitating better penetration and absorption. Additionally, nanoformulations help protect 

sensitive, poorly water-soluble drugs from degradation, ensuring greater stability and more effective delivery 

to target sites. These strategies collectively enhance the therapeutic potential of cannabinoids by ensuring 

they are absorbed more efficiently and effectively in the body (Banerjee et al., 2024; Provenzano et al., 2024). 

Various nanoformulations of CBD are currently being developed, with preclinical evidence suggesting they 
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effectively alleviate the symptoms they are designed to treat. However, nanoformulations face the challenge 

of limited understanding regarding their long-term in vivo toxicity, making it essential to fully assess their 

safety and potential for adverse effects (Sharma et al., 2024). 

2.6.4 Incorporating terpenes into dosage forms. 

The incorporation of terpenes into cannabis-based dosage forms not only enhances the flavour profile but 

also amplifies the therapeutic effects of cannabinoids through synergistic interactions. Both terpenes alone 

and in combination with cannabinoids have demonstrated a range of beneficial effects, including anti-

inflammatory, analgesic, neuroprotective, and other therapeutic properties, as evidenced by numerous in-

vitro, animal, and clinical studies. These studies suggest that the presence of terpenes may optimize the 

medicinal potential of cannabis by potentiating the biological activity of cannabinoids, offering a broader 

spectrum of health benefits (Hanuš & Hod, 2020). Furthermore, terpenes are found to improve the 

permeation capability of cannabinoids. Terpenes are recognized for their safety by the U.S. Food and Drug 

Administration (FDA), and studies have found that naturally occurring terpenes are less toxic than synthetic 

permeation enhancers like laurocapram (Azone). This underscores the potential of terpenes as safer 

alternatives in various formulations, offering both therapeutic benefits and a lower risk of adverse effects 

(Chen et al., 2016; Sapra et al., 2008).  

2.7 Cannabinoid formulations developed for oro-mucosal routes. 

2.7.1 Sprays 

Formulations comprising cannabinoids as active ingredients for oro-mucosal delivery are being researched. 

Sativex, an oro-mucosal spray, is approved by the FDA for treating spasticity in multiple sclerosis (MS) patients 

and contains 70% of CBD and THC in similar ratios (1:1), 5% minor cannabinoids, and other phytochemicals 

of two standardized cannabis plant extracts. It is also currently under phase III clinical trial for the treatment 

of cancer pain and is being investigated for therapeutic effects in polyneuropathy, HIV-associated neuropathy, 

and palliative care (FDA, 2021; Itin et al., 2019; Kocis & Vrana, 2020). However, formulation limitations of the 

spray include the need for repeated administration to achieve desired effects (Duran et al., 2010), varying 

onset of action (15-40 mins) (Tanasescu & Constantinescu, 2013), and excipients such as ethanol causing 

ulcers and lesions due to frequent use (Scully, 2007). Furthermore, similar 11-OH-THC/THC ratios were 

observed with both Sativex and oral formulations, indicating failure to evade first-pass effects, as it was found 

that a larger amount of the dose administered was accidentally swallowed (Itin et al., 2019; Karschner et al., 

2011). 

Pilot studies of NanaBis™, a buccal spray containing aqueous soluble nanoparticle solutions of CBD and THC, 

demonstrated that it was two times higher in bioavailability when compared with Sativex. The formulation 

comprises of strategic delivery of cannabinoids using nanoparticles, which enhance their absorption from 
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mucous membranes. More than 40% of the patients with progressive cancer experiencing severe pain (total 

number of participants, n = 25) reported amelioration from pain, measured by their mean pain scores upon 

administering up to 3 sprays every 4 hours. This spray is currently under clinical trial phase III for opioid 

management in metastatic cancer patients. It was noted that 72% of the patients reported mild or moderate 

drowsiness, nausea, and vomiting (Clarke et al., 2020). Similarly, Provenzano et al. (2024) formulated a 

solution of cannabinoid nano-emulsion with the ability to self-assemble. The in-vivo bioavailability of the 

formulation was found to be higher when compared with oral formulations of cannabinoids. Such 

formulations of nanoparticles and nanoemulsions require frequent administration and are lacking in evidence 

on the effectiveness of the drug penetrating the buccal mucosa. 

2.7.2 Solid dosage forms 

Alternative to sprays, research has also explored formulation of solid dosage forms to deliver cannabinoids 

through the oro-mucosal routes. Solid formulations containing complexes of THC/CBD with cyclodextrins, 

which are cyclic oligosaccharides known to improve the lipophilicity of the API, were developed as either 

compressed tablets or as gelatine capsules to enhance the bioavailability of the cannabinoids (Mannila et al., 

2005; Mannila et al., 2006). Mannila et al. (2006) identified in their later research that naturally available β 

cyclodextrin could be added at lower bulk masses compared with randomly methylated cyclodextrins. These 

complexes were found to have quicker dissolution than when using plain cannabinoids in capsules and 

superior bioavailability compared with oral administration of ethanolic cannabinoids (Mannila et al., 2007). 

However, the formulation faces disadvantages of low residence time in the sublingual region, which might 

lead to the cannabinoids being swallowed rather than penetrating the mucosal area. Cannabinoid lozenges 

(Trokie® Lozenges) as alternative formulations to Sativex for treating chronic pain and palliative care are being 

researched. These Lozenges are susceptible to accidental swallowing, have reported late-onset of action, and 

lack validated pharmacokinetic data in humans (Crowley et al., 2018). Monton et al. (2024) developed tablet 

wafers containing cannabis extracts that disintegrate in saliva, enabling the immediate release of 

cannabinoids into the oro-mucosal cavity for fast absorption. However, the wafers can be unintentionally 

swallowed and require in-vivo studies to validate their effectiveness and safety.  

2.7.3 Mucoadhesive formulations 

As understood previously, the use of excipients that can adhere to the mucosa might be suitable for carrying 

the active ingredient stably. Itin et al. (2020) fabricated a mucoadhesive shell by compressing mucoadhesive 

polymers carbopol and hydroxypropyl cellulose of high molecular weight (Klucel) and other excipients. Upon 

completion of adhesion of the shell to the porcine buccal mucosa in both ex-vivo and in-vivo studies, CBD in 

1:1 ethanol: propylene glycol was administered orifice of the mucoadhesive shell facing away from the 

mucosa, and the shell was able to hold the solution without any leakages from inside. The entire formulation 

was removed within 8 hours. The researchers were able to show in their in-vivo study, slow and controlled 
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permeation of CBD in the oral mucosa, upon measuring the plasma levels. However, there was a lack of 

correlation between their in-vivo and ex-vivo permeation studies, as no permeation occurred when using a 

diffusion chamber. The researcher’s attribute this to the ineffectiveness of the organic solvents used to 

facilitate CBD release into the receiver chamber. Furthermore, the formulation composition used was similar 

to Sativex, thus not eliminating the long-term adverse effects associated (Itin et al., 2020).  

Taha et al. (2024) employed hot melt extrusion to develop buccal films containing CBD, utilizing various 

mucoadhesive polymers. Among these, carbopol was found to exhibit superior mucoadhesive strength 

compared to hydroxypropyl cellulose and other polymers tested. Their work successfully demonstrated the 

effectiveness of these films for the immediate release of cannabinoids within the buccal cavity. Buccal bi-

layered thin films of CBD were fabricated by Laoasoke et al. (2024) using solvent casting technique. Such films 

demonstrated excellent mucoadhesive strength attributed to HPMC incorporated, and was able to sustain 

the release of CBD over 4 hours.  Abdella et al. (2023) 3D printed buccal films containing nano-lipid carriers 

of CBD to enhance the delivery and bioavailability of cannabinoids. These films were made mucoadhesive by 

incorporating polymers like hydroxyethyl cellulose and polyethylene glycol, which help the films adhere to 

the buccal mucosa for prolonged release. The research demonstrated the feasibility of creating personalized 

dosage forms for CBD, as well as the potential for developing sustained-release cannabinoid formulations. 

However, the safety, efficacy, and in-vivo performance of these nanoparticle-based systems still need to be 

validated through clinical studies to ensure their effectiveness and suitability for therapeutic use.  

Söpper et al. (2021) created buccal dosage forms with mucoadhesive polymers, namely carbopol, chitosan, 

and HPMC, and incorporated CBD in mesoporous silica (carrier) into it. Mucoadhesion with carbopol 

surpassed other polymers used. Although the use of carbopol also led to lower muco-penetration, which was 

found to be enhanced by using 5% propylene glycol as the penetration enhancer, it was not superior to the 

other polymers. The study was able to show the ability of mucoadhesive polymers to counteract the poor 

residence time of cannabinoid formulations and help achieve controlled release. However, identifying 

suitable combinations of polymers and excipients is required to improve cannabinoid buccal formulations. 

2.8 Conclusions 

The buccal mucosa is ideal for bypassing first-pass metabolism, providing sustained effects, and ensuring good 

patient compliance. However, cannabinoid formulations developed for buccal delivery face several 

challenges, including poor dosage form stability, the need for frequent administration, susceptibility to 

washout and accidental swallowing, and a lack of sustained cannabinoid delivery with reliable in vivo and ex 

vivo permeation correlations. Therefore, there is a critical need to develop sustained-release cannabinoid 

formulations by identifying suitable excipients and their combinations. The use of mucoadhesive polymers 

such as HPMC and carbopol has been found to enable the sustained release of drugs. These polymers 

enhance drug retention at the mucosal site, allowing for prolonged therapeutic effects and improved 
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bioavailability. Previous studies are strongly evidenced for hybrid physiologically induced in-situ gelling 

polymers and mucoadhesive polymers to provide sustained effects of drugs, along with ease of 

administration, good patient compliance, and providing lower costs of large-scale manufacturing. This 

research will aim to develop sustained-release in-situ gels for buccal delivery with THC and CBD in similar 

ratios, which has not yet been done in any previous research. Further, in this research extrusion-based 

bioprinting, a 3D printing technique, will be utilized for developing mucoadhesive films for sustained delivery 

of cannabinoids. By using such fabrication techniques, precise control over the structure, drug uniformity, 

and composition of the films can be achieved. Additionally, these methods offer the potential for personalized 

drug dosing, allowing for the development of tailored formulations that meet the specific needs of individual 

patients.  

These novel buccal formulations developed could possess a wide range of systemic therapeutic benefits, 

including curbing chemotherapy-induced nausea and vomiting, chronic pain, sleep disturbances, and 

insomnia, and as an appetite stimulant especially in patients with HIV (Human Immunodeficiency Virus). It 

could also promote the quality of life of patients in palliative care. Additionally, these formulations have the 

potential for localized benefits, such as relief from dental pain, inflammation, and mouth ulcers, supported 

by growing evidence of cannabinoids' effectiveness in addressing these conditions. 
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3. Chapter 3: Pre-Formulation Approaches to Improve 

Solubility and Permeation of Cannabinoids 
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Abstract 

Pre-formulation studies are essential for developing effective pharmaceutical dosage forms, especially for 

lipophilic compounds like cannabidiol (CBD) and tetrahydrocannabinol (THC), which have significant 

therapeutic potential due to their anti-inflammatory, analgesic, and neuroprotective properties. However, 

their low aqueous solubility and high lipophilicity present major challenges in creating effective and patient-

friendly formulations. This study aimed to optimize buccal delivery of CBD and THC through a pre-formulation 

strategy focused on enhancing solubility and mucosal permeation. Surfactants such as Tween 20 significantly 

improved solubility, with 3% Tween-PBS identified as the optimal medium for in vitro release and diffusion 

studies. Cyclodextrin-based inclusion complexes using hydroxypropyl-β-cyclodextrin (HP-β-CD) enhanced 

aqueous solubility up to 388.8-fold for CBD and 450-fold for THC, achieving nearly 100% release within 4 

hours. FTIR and SEM confirmed molecular encapsulation and morphological changes. In vitro release studies 

using Franz diffusion cells highlighted the effects of donor solvent selection, receptor volume, and orifice 

diameter, with aqueous surfactants outperforming lipophilic vehicles such as MCT oil. To improve mucosal 

permeation, terpenes including 1,8-cineole, d-limonene, α-pinene, and L-menthol were evaluated 

individually and in combination, with combinations significantly surpassing individual terpenes and synthetic 

enhancers like Azone in ex vivo porcine buccal studies. This research establishes a comprehensive pre-

formulation framework addressing poor solubility and limited permeability of cannabinoids. The combined 

use of cyclodextrin complexation and terpene-based permeation enhancers offers a promising platform for 

novel buccal delivery systems, potentially improving bioavailability, patient compliance, and therapeutic 

outcomes in cannabinoid-based therapies. 
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3.1 Introduction 

Pre-formulation studies encompass a wide range of experiments and tests to understand physicochemical 

characteristics of the active ingredients, which are tetrahydrocannabinol (THC) and cannabidiol (CBD) used in 

this research. Prior to the development of dosage forms, pre-formulation studies are carried out to evaluate 

the physicochemical properties of the active pharmaceutical ingredient (API) and excipients. These studies 

guide formulation strategies and influence the stability, bioavailability, and overall performance of the final 

dosage form. Pre-formulation research addresses key factors such as solubility, dissolution rate or drug’s in 

vitro release, and stability, which are critical in designing a robust, effective, and reproducible pharmaceutical 

product (Chaurasia, 2016). In addition, pre-formulation studies involve the selection of appropriate 

excipients, including permeation enhancers and solubility enhancers, which facilitate effective delivery and 

bioavailability of the active pharmaceutical ingredient (API) in the developed dosage forms. These studies 

also focus on identifying other excipients, such as flavouring agents, sweeteners, and preservatives, which 

are crucial for improving the patient acceptability, stability, and shelf-life of the final product. (Chalamaiah & 

Sharma, 2016). Determining the permeation and release of the active ingredients, which are cannabinoids in 

this study, is done by in vitro studies using Franz diffusion cell. In vitro buccal permeation studies of the drug 

involve using an artificial membrane and are usually performed to determine experimental conditions for ex 

vivo permeation analysis. In-vitro techniques are helpful for pre-formulation studies as they provide quick 

predictions regarding the fate of the drug (cannabinoids) (Wang et al., 2021). Furthermore, validation of 

analytical methods used to assess formulation parameters is carried out before the preparation of the 

formulation, ensuring the reliability and consistency of the techniques to achieve the intended results (Kailash 

& Rahul, 2023).  

Pharmacokinetic effects of cannabinoids are dependent on the route of administration. In the buccal cavity, 

cannabinoids CBD and THC are absorbed directly into the bloodstream through the oral mucosa, bypassing 

the gastrointestinal tract and first-pass metabolism in the liver. This results in potentially higher bioavailability 

and faster onset of effects compared to oral administration. However, as Class II drugs in the 

biopharmaceutical classification system, CBD and THC exhibit low solubility and high permeability. These 

properties contribute to challenges in their disintegration and absorption within the body (Qian et al., 2024; 

Samineni et al., 2022). Hence, solubility studies are crucial to identify the drug/solvent reaction at the site of 

administration. The analysis for determining solubility includes identifying intrinsic solubility, partition 

coefficient, and pKa. The API’s solubility is affected by temperature, pH, physical agitation, pressure applied, 

and physicochemical properties (Chaurasia, 2016). Knowing the API’s solubility is crucial, as it affects the 

results of further studies, including in-vitro release experiments, where to maintain sink conditions, the 

concentration of the drug is required to not exceed 30% of the drug’s solubility (Pinto et al., 2020; Seyfoddin 

et al., 2010). CBD has a logP value of 6.3, indicating its partitioning between n-octanol and water, and a water 

solubility of 12.6 µg/ml. It exhibits weak acidic properties with a pKa of 9.1. THC has a slightly higher logP 
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value of 6.97, a low water solubility of 1-2 µg/ml, and a pKa of 10.6 (Adelli et al., 2017; Patilea-Vrana & 

Unadkat, 2019; Stella et al., 2021).  

3.1.1 Enhancing water solubility of cannabinoids. 

Improving the water solubility of hydrophobic drugs like CBD and THC facilitates their dissolution, enhances 

absorption, and may lead to a quicker therapeutic response. Various approaches, including physical 

modifications, chemical alterations, and other techniques, are commonly employed to improve solubility 

(Savjani et al., 2012; Zhou et al., 2022). Physical modifications to improve solubility involve changing the 

drug's form or structure to enhance its dissolution and absorption (Savjani et al., 2012). Techniques such as 

reducing particle size (development of micro or nanoparticles) increase surface area for faster dissolution. 

Polymorphism, where different crystal forms of a drug are used, can also impact solubility, with some forms 

dissolving more readily. Converting drugs to amorphous forms or creating solid dispersions in hydrophilic 

matrices have been used to boost solubility of various drugs (Savjani et al., 2012). Chemical modifications to 

improve solubility involve altering a drug's chemical structure to enhance its dissolution in water or other 

solvents. One common approach is salt formation, where a drug is converted into its salt form, which is 

typically more water-soluble. Solubility can also be improved by introducing hydrophilic functional groups, 

such as hydroxyl or amino groups, and PEGylation, which involves attaching polyethylene glycol chains 

(Makharadze et al., 2025; Savjani et al., 2012). Research has also identified other methods wherein 

solubilizers, excipients, and surfactants are used in formulation development to aid the solubility of active 

ingredients (Savjani et al., 2012). The most widely used method for enhancing the solubility of lipophilic drugs 

involves formation of inclusion complexes where the non-polar region of the drug, referred to as the guest 

molecule, is physically entrapped within the cavity of a host molecule such as cyclodextrins (Esteso & Romero, 

2024; Zhou et al., 2022).  

Cyclic oligosaccharides such as cyclodextrins have a non-symmetrical structure with a hydrophobic cavity 

from the orientation of glycoside bonds, a hydrophilic surface and hydroxyl groups towards the end, as 

highlighted in Figure 3.1 below. These non-toxic units are barrel-shaped and comprised of glucopyranoside 

units joined by α-1,4-glycosidic bonds. These naturally occurring molecules were first isolated in 1891, with 

three different forms of α-, β-, and γ-cyclodextrins differing in their number of glucose units, size, and 

solubility. Cyclodextrins are utilized in various fields, including pharmaceuticals, agriculture, and textiles. They 

can form inclusion complexes with poorly soluble compounds, thereby enhancing the solubility and 

bioavailability of formulations. In these complexes, the hydrophobic region of the cyclodextrin binds to a non-

polar drug through electrostatic interactions or van der Waals forces, typically in a 1:1 or 1:2 ratio (Esteso & 

Romero, 2024; Adriana Ribeiro et al., 2024; Savjani et al., 2012). To further enhance solubility, chemically 

modified cyclodextrins, such as hydroxypropyl-β-cyclodextrin (HP-β-CD) and randomly methylated-β-

cyclodextrin, have been developed. These modifications effectively increase the solubility and bioavailability 

of poorly soluble drugs by forming inclusion complexes. HP-β-CD, recognized as generally safe by the 
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European Pharmacopoeia, is commonly used in pharmaceutical formulations to improve the dissolution rates 

of active pharmaceutical ingredients (APIs). Additionally, they help stabilize sensitive compounds, reduce 

toxicity, and enable controlled release, making these cyclodextrins vital in drug formulation, especially for 

oral and injectable dosage forms (Adriana Ribeiro et al., 2024). 

 

 
Figure 3.1.Structure of cyclodextrin (Adopted from (Gandhi & Shende, 2021)). 

Cyclodextrin inclusion complexes can be formed through several methods, including saturated aqueous 

solution, kneading, spray-drying, freeze-drying, colloid-grinding, and the supercritical fluid method. Each 

technique involves the interaction of cyclodextrin and a drug molecule to encapsulate the drug within the 

cyclodextrin's hydrophobic cavity, improving solubility and stability (Zhou et al., 2022). Among these methods, 

freeze-drying offers distinct advantages, such as preserving the molecular integrity of both the cyclodextrin 

and the drug, while avoiding heat degradation. It also enhances the solubility and dissolution rate of the drug 

by creating a porous structure, improves stability through reduced moisture content, and eliminates solvent 

residues. These benefits make freeze-drying a highly effective and preferred method for preparing stable, 

bioavailable cyclodextrin-drug formulations (Zhou et al., 2022). Various cyclodextrins have been explored for 

their ability to form inclusion complexes with individual cannabinoids, such as THC and CBD, as well as whole-

spectrum cannabis extracts, to enhance their solubility. These complexes help overcome the poor water 

solubility of cannabinoids, improving their bioavailability in pharmaceutical and nutraceutical formulations 

(Jarho et al., 1998; H. Li et al., 2021; Li et al., 2022; Adriana Ribeiro et al., 2024). Studies have shown that 

inclusion complexes formed with β-cyclodextrin or HP-β-CD and either THC or CBD enhance their anti-

inflammatory and antinociceptive effects (Agabio et al., 2017; Grijó et al., 2023). Lipophilic drugs that are 

complexed with cyclodextrins have demonstrated improved permeation across biological membranes. In an 

in vitro permeation study conducted by Park et al. (2023), cyclodextrin complexed with cannabinoid acids 

were shown to improve the permeation of these compounds across a synthetic membrane by improving 

cannabinoid solubility (Park et al., 2023).   
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3.1.2 Boosting permeability of cannabinoids through the buccal mucosa. 

The buccal route offers significant potential for cannabinoid delivery, but cannabinoids face challenges in 

permeating the buccal membrane. The lipophilic nature, molecular size, and low membrane partitioning of 

cannabinoids, as indicated by their solubility in the mucosal layers and formulation, impede their permeation 

(Stella et al., 2021). To overcome these barriers, permeation enhancers are essential. These compounds are 

usually involved in increasing the quantity of active ingredient reaching the buccal epithelium or altering the 

drug-epithelial interactions. Various chemical permeation enhancers work through different mechanisms to 

improve drug absorption. Surfactants like sodium dodecyl sulfate and bile salts enhance permeability by 

extracting intercellular lipids from the buccal mucosa; however, they may compromise the barrier properties 

of the tissue. Fatty acids have been shown to increase drug permeability, likely by enhancing the partitioning 

of the drugs into the buccal tissue. While ethanol is an effective permeation enhancer, it can cause mouth 

ulcers and increase the risk of oral cancer. Laurocapram (Azone) disrupts the lipid bilayer structure, facilitating 

drug permeation, but it can also cause mucosal irritation and may have potential cytotoxic effects on buccal 

cells (Meher et al., 2012; Nicolazzo et al., 2005; Sohi et al., 2010).  

Terpenes are effective permeation enhancers, known for their ability to increase the absorption of various 

compounds across biological membranes. They achieve this by interacting with the lipid layers of cell 

membranes, disrupting their structure, and enhancing the fluidity of the membrane. This disruption creates 

temporary openings or makes the membrane more permeable, allowing drugs to pass through more easily 

(Chen et al., 2016). They are naturally occurring, less toxic than chemical enhancers and have been reported 

to produce effects with minimal and reversible irritation to the tissue when used in low concentrations of 1% 

to 5%. They are also recognized as generally safe by the US FDA (Chen et al., 2016; Kang et al., 2013; Sapra et 

al., 2008). When applied to the buccal membrane, terpenes can facilitate the penetration of lipophilic 

compounds, such as cannabinoids, which typically struggle to cross the buccal mucosa due to their low 

solubility in aqueous environments (P. Tabboon et al., 2022). Terpenes are hydrocarbons responsible for the 

distinctive aroma and flavour of cannabis, with over 50 different types identified across various cannabis 

species (E. Fordjour et al., 2023). In addition to their permeation-enhancing properties, terpenes can also 

have synergistic effects with cannabinoids. They have the ability to enhance the therapeutic effects of 

cannabinoids by improving their absorption and increasing their bioavailability (Hanuš & Hod, 2020). 

Cyclodextrins can improve cannabinoid solubility in aqueous environments, facilitating better interaction with 

the buccal mucosa. Terpenes, on the other hand, act as membrane disruptors, temporarily altering the lipid 

bilayer to enhance the penetration of cannabinoids. Together, these enhancers may improve the overall 

delivery of cannabinoids, leading to improved bioavailability, faster onset, and more controlled therapeutic 

effects while minimizing side effects. 

Previous research has demonstrated that various terpenes possess permeation-enhancing properties. 

Menthol, a cyclic monoterpene commonly used as a flavouring agent in many oral formulations and found in 
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the cannabis plant, particularly in Kush strains, has demonstrated the ability to enhance the permeation of 

hydrophobic drugs. An ex-vivo study utilizing porcine buccal mucosa identified that L-menthol effectively 

enhanced the permeation of the lipophilic drug dideoxycytidine through the buccal cavity, with the 

enhancement increasing in a dose-dependent manner as the concentration of L-menthol was elevated 

(Shojaei et al., 1999). However, the impact of menthol on the permeation of cannabinoids requires further 

investigation. In a different study, the ex-vivo buccal permeation of the slightly lipophilic drug ropinirole was 

found to be significantly enhanced by limonene, a terpene with a citrus scent, which is also present in the 

cannabis plant (De Caro et al., 2012). Sharma et al. (2019) demonstrated that natural terpenes, including d-

limonene, cineole, and eugenol, individually enhance the in-vitro drug release of lornoxicam when 

incorporated into patches, with 4% d-limonene yielding the highest drug release. Similarly, another research 

found that the transbuccal delivery of benznidazole was significantly enhanced with limonene, when 

compared to the use of other terpenes such as eugenol and carvacrol (Amaral et al., 2020). P. Tabboon et al. 

(2022) showed that oleic acid and nerolidol caused either insignificant or retardation of buccal mucosal 

permeation effects of CBD when combined with lipid-based vehicles such as medium-chain triglycerides 

(MCT). MCT was used as the vehicle in this study due to its ability to effectively solubilize lipophilic 

cannabinoids and provide a suitable medium for evaluating terpene-mediated permeation enhancement. 

This suggests that certain terpenes, like limonene, may be more effective in improving the permeation of 

drugs through the buccal mucosa, highlighting the importance of selecting the right terpene for optimizing 

drug delivery. 

Essential oil of plant S. desoleana containing specific proportions of terpenes β-pinene, cineole, linalool and 

α-terpineol were found to permeate the buccal mucosa effectively when formulated into hydrogels and 

micro-emulsions by Ceschel et al. (2000). This suggests that the terpenes play a crucial role in facilitating the 

absorption through the mucosal barrier. Using a combination of terpenes, rather than relying on a single 

terpene, could have the potential to increase the absorption rate of drugs through the buccal mucosa. 

Numerous studies have established combinations of terpenes in various concentrations to be effective in 

transdermal permeation of lipophilic drugs (Aqil et al., 2007). The ability of combined terpenes to enhance 

the permeation of lipophilic drugs through the buccal mucosa remains limited, necessitating further research 

to better understand their potential. 

3.1.3 High performance liquid chromatography (HPLC) 

HPLC is an analytical technique used to separate and quantify compounds according to their dispersion due 

to the interaction between a solid stationary phase and a liquid mobile phase. For detection and 

quantification of cannabinoids, the most commonly used mobile phase comprises of either methanol or 

acetonitrile with 0.1% formic acid and a C18 column as the stationary phase (Pourseyed Lazarjani et al., 2020). 

Method validation is a pre-formulation parameter where the analytical method is validated by determining 

accuracy, precision, limit of detection (LOD), limit of quantification (LOQ), and linearity. HPLC validation for 
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cannabinoids has been previously established in our drug delivery research group by Lazarjani et al. (2024). 

Limit of detection refers to the lowest concentration of a substance that can be detected but not quantified, 

and LOQ refers to the lowest concentration that can both be detected and quantified. For confirmation, these 

parameters are re-evaluated and compared with the previously validated HPLC-UV method (Shrivastava, 

2011).  

This chapter aims to determine the solubility and in vitro release characteristics of cannabinoids THC and 

CBD. To improve their water solubility for development as in-situ gels or bioinks for 3D printed films, inclusion 

complexes of both cannabinoids will be formed with beta-cyclodextrin (β-CD) and hydroxypropyl-beta-

cyclodextrin (HP-β-CD), which will be further confirmed. Additionally, various combinations and 

concentrations of terpenes will be evaluated to enhance the ex-vivo permeation of cannabinoids using 

porcine buccal mucosa. The chapter will also include the reconfirmation of the validated HPLC method as 

previously established by Lazarjani et al. (2024). 

3.2 Materials and methods 

3.2.1 Materials 

D-Limonene was purchased from Thermo Fisher, New Zealand, 1,8- cineole, α-Pinene from Sigma-Aldrich, 

New Zealand, laurocapram 95% from AK Scientific, and l-Menthol from Chem express supplied by Focus 

Bioscience, Australia. Medium chain triglyceride (edible oil) purchased from local store, Auckland. Phosphate 

buffered saline (PBS) tablets (pH 7.4, Tween-20%, β-CD, HP-β-CD, acetonitrile, Bovine Serum Albumin (BSA), 

methanol, and MCT oil were purchased from Sigma-Aldrich, New Zealand. Pure isolated CBD and distilled oil 

of THC was provided by Helius Therapeutics Ltd, New Zealand. Dimethyl sulfoxide from Scharlab S.L., 

Barcelona, Spain. All other reagents used were of analytic grade.  

3.2.2 Solubility Measurements 

The solubility of CBD and THC in PBS containing 0.5, 2, 3, and 4% Tween 20 was determined experimentally 

using the shake-flask method. An excess amount of cannabinoids was added to 1 mL of each PBS solution, 

which was placed in separate glass vials. The vials were then incubated on a magnetic stirrer at 37 °C for 24 

hours. After incubation, the samples were centrifuged at 10,000 rpm for 20 minutes to separate the 

supernatant. The supernatant was subsequently filtered using a 0.45 μm PVDF syringe filter, diluted 

appropriately, and analysed by HPLC. The solubility measurements were performed in triplicate for each 

concentration of Tween 20 in PBS solution (Casiraghi et al., 2020; Tiago et al., 2022). 

3.2.3 In-vitro drug release studies 

In vitro release of CBD through cellulose membranes (MWCO 14,000 Da) was evaluated using Franz diffusion 

cell apparatus (Orchid Scientific, India). Use of cellulose membrane was not intended to serve as a rate-

limiting barrier, but rather to ensure separation between the donor and receptor compartments. The 
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cellulose membranes were cut to the required size and hydrated for 24 hours before the commencement of 

the experiment to ensure proper swelling and functionality. Two Franz diffusion cell configurations were 

employed to assess the influence of receptor cell volume and membrane diffusion area on CBD release 

behaviour: one with a 12 mL receptor volume and 15 mm orifice diameter, and another with a 20 mL receptor 

volume and 20 mm orifice diameter. The donor solutions consisted of CBD (25 mg/mL) dissolved either in 

medium-chain triglyceride (MCT) oil or in a water: Tween-20 (1: 1 v/v) mixture. For the receptor phase, the 

compartments were filled with either phosphate-buffered saline (PBS) containing 3% Tween-20 or a 

methanol: water (1: 1 v/v) solution to evaluate the effect of receptor medium composition on drug 

solubilisation. 

Prior to the experiment, the Franz cells were pre-equilibrated at 37 ± 0.5 °C for one hour to maintain a 

physiologically relevant and constant temperature. After assembly, 20 mL (for the larger configuration) or 12 

mL (for the smaller configuration) of the designated receptor medium was added to each receptor 

compartment. The pre-hydrated cellulose membrane was carefully mounted between the donor and receptor 

chambers, ensuring no air bubbles were trapped, and the units were securely clamped. Subsequently, 1 mL 

of the donor solution was added to each donor compartment. The donor openings were sealed with Parafilm 

to prevent solvent evaporation and maintain sink conditions throughout the 4-hour study period. Samples 

were withdrawn at predetermined time intervals (0.5, 1, 2, 3, and 4 hours) from the receptor compartments 

and immediately replaced with an equal volume of freshly pre-warmed receptor medium (maintained at 37 

°C). All experiments were conducted in triplicate, and the collected samples were analysed for CBD 

concentration using high-performance liquid chromatography (HPLC) (Casiraghi et al., 2020; Kirk et al., 2022).  

3.2.4 Synthesis of cannabinoid-cyclodextrin inclusion complexes 

3.2.4.1 Preparation of physical mixtures and inclusion complexes  

Inclusion complexes of CBD and THC with β-CD and HP-β-CD were formed using a freeze-drying technique. 

The cannabinoids and cyclodextrins were weighed in a precise 1:1 molar ratio. A 40% (v/v) ethanol solution 

(40 ml) was used to dissolve the cyclodextrins, with stirring until fully dissolved. Separately, 500 µl of ethanol 

was used to dissolve the cannabinoids, which were then gradually added to the cyclodextrin solution. The 

resulting mixture was heated on a hot plate at 30°C and stirred magnetically for 6 hours. Afterward, the 

mixture was filtered, and the filtrate was solidified in a freeze dryer (Christ alpha series freeze dryer, Osterode 

am Harz, Germany) for 48 hours. The procedure was adapted from established protocols (H. Li et al., 2021; 

Park et al., 2023).  

Physical mixtures of cannabinoids and cyclodextrins were prepared by thoroughly blending them in a 1:1 

molar ratio at room temperature for 5 minutes, followed by storage in a dryer for later use (H. Li et al., 2021). 
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3.2.4.2 CBD and THC’s complexation and loading efficiency in inclusion complexes and solubility studies. 

To assess the quantity of cannabinoids (guest molecules) encapsulated within the cyclodextrins (host 

molecules), it is necessary to determine the complexation and loading efficiency. An accurately weighed 

amount of the developed inclusion complex (10 mg) was dissolved in 10 mL of methanol and subjected to 

sonication using an ultrasound probe (UP100H; Hielcher, Germany) at room temperature for 40 minutes to 

ensure the release of trapped cannabinoids into the solution. The samples were then centrifuged (model 

1580R; Gyrozen, Korea) at 4000 rpm for 5 mins and analysed using HPLC to determine the cannabinoid 

content.  

Mass of CBD or THC entrapped (Me), total weight of cannabinoid initially added (Mt), and weight of 

cyclodextrin used (Mc) are used to calculate the complexation and loading efficiency as shown in equations 

1 and 2 below (H. Li et al., 2021). 

Equation 3.1 Complexation effeciency (%) = (
Me

Mt
)  ×  100 

Equation 3.2 Loading effeciency (%) = [
Me

Me+Mc
] × 100 

The aqueous solubility of the cannabinoids in inclusion complexes was evaluated by dissolving an excess of 

the prepared inclusion complex, containing approximately 10 mg of CBD or THC, in a conical flask with 20 mL 

of distilled deionized water. The mixture was magnetically stirred at 37°C for 24 hours, then centrifuged at 

4000 rpm for 20 minutes. The resulting supernatant was analysed for cannabinoid content using HPLC (H. Li 

et al., 2021). 

3.2.4.3 Fourier transform infrared (FTIR) spectroscopy of physical mixtures and inclusion complexes of 

cannabinoids and cyclodextrins. 

FTIR spectra of the prepared inclusion complexes, physical mixtures, CBD, THC, β-CD and HP-β-CD were 

carried out on an FTIR spectrometer (Thermo Scientific, model: Nicolet iS10, USA). Samples were positioned 

on a monolithic diamond crystal cell, and spectra were acquired in the 4000–500 cm⁻¹ range with a 4 cm⁻¹ 

resolution over 32 scans. A background spectrum, captured from the clean empty cell at room temperature 

(25°C), served as a reference. 

3.2.4.4 Characterization by scanning electron microscopy (SEM) of physical mixtures and inclusion complexes 

of cannabinoids and cyclodextrins. 

Schottky field emission SEM (Thermos scientific, HITACHI, SU-70) was used to view the structure of the 

inclusion complexes, after they were coated using ion sputter (Hitachi E-1045 coater) with platinum for 20 

seconds. 
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3.2.4.5 In-vitro dissolution profiles of the inclusion complexes  

In vitro dissolution profiles of the inclusion complexes were determined experimentally using PBS as the 

dissolution medium. Following the procedure outlined by H. Li et al. (2021), cannabinoids (CBD or THC), 

each equivalent to 1.5 mg, were added separately to beakers containing 100 mL of PBS, either in their raw 

form or as inclusion complexes. The solution was magnetically stirred, and the temperature was maintained 

at 37°C. At predetermined time intervals, 1 mL aliquots were withdrawn and replaced with fresh buffer to 

maintain a consistent volume of the medium. The samples were centrifuged at 10,000 rpm for 20 minutes 

to obtain the supernatant, which was then filtered through a 0.45 μm PVDF syringe filter. The filtrate was 

suitably diluted and analysed using HPLC to determine the cannabinoid concentration. 

3.2.5 Ex-vivo penetration studies of CBD with terpenes 

3.2.5.1 Porcine buccal mucosa preparation 

Fresh pig heads were purchased from a local butcher shop, Auckland. Within an hour of slaughter, inner 

regions of the cheek were excised carefully uniformly below 0.5 mm thickness with a scalpel and rinsed with 

saline.  

Figure 3.2 below, highlights the porcine buccal mucosa excised. All experiments were performed with porcine 

mucosa obtained from three different pigs.  

  

 

 

 

 

 

 

 

 

Figure 3.2. Stepwise preparation of buccal porcine mucosa tissue showing (from left to right): freshly obtained porcine cheek tissue, 
sectioning into smaller pieces, and removal of underlying connective and adipose layers to isolate the mucosal membrane for 
experimental use. 

If required, the tissues were frozen in a standard freezer (-15oC to -25oC) in freshly prepared PBS with 2% 

DMSO or 10% BSA, added as cryoprotectants (Franz-Montan et al., 2016).  

3.2.5.2 Preparation of cannabinoid solutions with permeation enhancers 

Donor solutions were prepared by mixing CBD (25 mg/ml) in MCT oil, to which different concentrations and 

combinations of the terpenes d-limonene, l-menthol, α-pinene, and 1,8-cineole or synthetic enhancer 
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laurocapram (Azone) were added as listed in Table 3.1 below. The concentrations of permeation enhancers 

were selected based on literature reports indicating that terpene concentrations up to approximately 5% are 

generally considered safe for mucosal applications. Therefore, a maximum concentration of 5% was used for 

individual enhancers, while combinations of enhancers were formulated so that the total concentration did 

not exceed 5%. 

Table 3.1. Formulation codes and concentrations of permeation enhancers in donor CBD solutions. 

Solution code Concentration of permeation enhancer(s) added % v/v  

CBD nil 

C5l CBD + 5% limonene 

C5M CBD + 5% Menthol 

C5P CBD + 5% Pinene  

C5C CBD + 5% Cineole  

C5A CBD + 5% Azone  

C1.25MCLP CBD + 1.25%mclp  

C3.12L0.6MCP CBD+3.125%L, 0.625%MCP  

C2.5LC CBD+2.5%L,2.5%C  

C2.5MP CBD+2.5%M,2.5% P 

C3.12M0.62LCP CBD+3.125%M, 0.625%LCP  

C3.12P0.62LCM CBD+3.125%P, 0.625%LCM  

C2.5MC CBD+2.5%M, 2.5%C  

C2.5PC CBD+2.5%P, 2.5%C  

C2.5LP CBD+2.5%L, 2.5%P  

C2.5LM CBD+2.5%L, 2.5%M  

C3.12C0.6LPM CBD+3.125%C, 0.625%LPM  
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3.2.5.3 Ex vivo penetration with Franz cells 

The receptors were filled with 20 mL of phosphate-buffered saline (PBS) containing 3% Tween-20 while 

maintaining sink conditions, and the cells were pre-warmed to 37°C for one hour to ensure proper 

temperature equilibration. A piece of porcine buccal mucosa, carefully cut to match the diameter of the cell 

compartments, was positioned between the donor and receptor sections, and securely clamped in place to 

create a stable barrier. Subsequently, 1 mL of the prepared donor solution was introduced into the 

corresponding donor chamber, the openings were sealed with parafilm to prevent any solvent evaporation 

during the course of the experiment, and it was set up as highlighted in the Figure 3.3 below. After a two-

hour period, the porcine buccal mucosa was carefully removed from the setup. The tissue was then gently 

wiped with absorbent tissue to remove any residual donor solution from the surface of the mucosa. Following 

this, the CBD that had penetrated through the mucosal layers was extracted for further analysis. This 

experiment was done with triplicates of each of the above prepared solutions. 

Figure 3.3. Set up of the ex vivo penetration using Franz cell. 

3.4.5.3 Extracting the cannabinoids deposited in the mucosa. 

The porcine buccal mucosa, after permeation, was washed thrice with deionized water, following which it 

was cut into small pieces. The mucosa was frozen with liquid nitrogen and ground into a powder. A 

homogenizer (IKA T25 ULTRA-TURRAX, Germany) was used at 8000 rpm for 5 minutes to homogenize the 

powder dissolved in acetonitrile/water (1:1 v/v) solution. The homogenized solution was then centrifuged at 

4000 rpm for 20 mins, supernatant filtered, and filtrate analysed by HPLC. The penetration was calculated by 

determining the amount of CBD per surface area (µg/cm2) (P. Tabboon et al., 2022).  
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3.2.6 Validation of the analytical method   

HPLC analysis was performed by injecting 5 µL of the prepared samples into a Shimadzu LC-20 series HPLC 

system, equipped with a UV detector set at 280 nm for cannabinoid quantification. An Agilent Zorbax Eclipse 

Plus C-18 column was used for separation, employing an isocratic method with a mobile phase consisting of 

84% acetonitrile, 0.1% formic acid, and 16% Milli-Q water. The cannabinoids were eluted and partitioned over 

a 26-minute run time. 

3.2.6.1 Limit of detection (LOD) and Limit of Quantification (LOQ) 

The previously validated method was reassessed to confirm its sensitivity by determining the Limit of 

Detection (LOD) and Limit of Quantification (LOQ). The LOD represents the smallest amount of cannabinoids 

that can be detected but not quantified, while the LOQ is the lowest amount that can both be detected and 

accurately quantified. To prepare the external standards, cannabinoids were serially diluted, and six 

calibration standards were analysed, with six repetitions for each concentration level. The LOD and LOQ were 

determined by identifying the lowest concentrations that produced a signal-to-noise ratio of 3 and 10, 

respectively. 

3.3 Statistical analysis 

Statistical analysis of the data obtained was done using R-programming and GraphPad Prism software (version 

10.2.3). Significance was identified by performing one-way Anova (when parametric data was obtained) and 

Kruskal–Wallis test for non-parametric alternatives followed with post hoc multiple comparisons by Turkey’s 

test. The level of statistical significance was set at P<0.05.  

3.4 Results and discussion 

3.4.1 Solubility of cannabinoids 

Cannabinoids are lipophilic in nature, with poor water solubility of 12.6 and 2.8 μg/mL for CBD and THC, 

respectively (Adelli et al., 2017; Stella et al., 2021). Previous research has determined that the addition of 

solubilizers such as surfactants or organic solvents can improve their aqueous solubility. However, these 

solubilizers can impact the penetration of compounds by affecting the barrier tissue and should be used in 

minimal concentrations (Som et al., 2012). Surfactants like Tween 20 are known to enhance the solubility of 

lipophilic compounds in aqueous solutions, especially when compared to other surfactants (Kirk et al., 2022; 

Park et al., 2020). Solubility of cannabinoids CBD and THC in PBS with 0.5, 2, 3 and 4% tween experimentally 

determined by the shake-flake method was as highlighted in  

Table 3.2 below. An increase in solubility of both CBD and THC was observed with increasing concentrations 

of the surfactant. Similarly, a study by Yang et al. (2021) showed that increasing concentrations of solubilizers 

such as tween 80, increased the solubility of anthracene, a chemical used as a base for several 
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chemotherapeutic drugs. Solubility plays a crucial role in establishing appropriate receptor media for in-vitro 

release and ex-vivo permeation studies. Previous studies have shown that sink conditions are achieved when 

the drug concentration in the receptor medium does not exceed 30% of the drug's saturation solubility 

(Seyfoddin et al., 2010). This ensures that the concentration gradient between the donor and receptor 

compartments is maintained, which is essential for accurate release and permeation measurements. 

Maintaining sink conditions is critical to avoid saturation, which could alter the release profile and affect the 

interpretation of permeation data (Ng et al., 2010; Siepmann & Siepmann, 2020). PBS containing 3% Tween 

20 was selected as the receptor medium to ensure sink conditions. Although PBS with 2% Tween 20 was 

sufficient based on calculated solubility thresholds, 3% Tween 20 was employed to provide a greater solubility 

margin and minimise the risk of receptor saturation during the experiment. 

Table 3.2. Solubility of cannabinoids in PBS with different concentrations of tween 20 (n = 3; mean ± SD). 

Cannabinoid PBS + 0.5% tween PBS + 2% tween PBS + 3% tween PBS + 4% tween 

CBD 2 ± 0.3 mg/ml 8.2 ± 0.43 mg/ml 9.1 ± 0.56 mg/ml 12.82 0.7 mg/ml 

THC 0.9 ± 0.22 mg/ml 4.72 ± 0.51 mg/ml 6.625 ± 0.08 mg/ml 8.012 ± 0.15 mg/ml 

3.4.2 In-vitro drug release studies 

In-vitro release of CBD was conducted using Franz diffusion cells with various receptor media for 4 hrs, 

including PBS containing 3% tween-20 and a 1:1 mixture of methanol and water. The donor solutions 

consisted of CBD dissolved in either MCT oil or a water-tween solution in similar ratios. Additionally, two 

different receptor cell volumes, 12 ml and 20 ml, were tested to assess any potential variations when MCT oil 

was used as the carrier. Notably, no CBD permeated when MCT oil was employed as the carrier and PBS with 

3% tween served as the receptor medium. Research by P. Tabboon et al. (2022) showed that a high affinity of 

CBD for the carrier vehicle decreases its ability to partition into the membrane. When MCT oil was used as 

the donor solution, only approximately 0.5–0.6% of CBD was released over 4 hours into the methanol/water 

(1:1) receptor medium, as shown in Figure 3.5. The limited release is likely due to the strong affinity of CBD 

for the MCT oil phase, which restricts its partitioning into the receptor medium. In contrast, when 

water/Tween 20 (1:1) was used as the donor solution, a higher release of CBD was observed. Approximately 

6% CBD release was detected in the methanol/water receptor medium after 4 hours, as illustrated in Figure 

3.4. Under the same donor conditions, using phosphate-buffered saline (PBS) containing 3% Tween-20 as the 

receptor medium resulted in a slightly lower release of approximately 4% over the same period  

Figure 3.5 presents a comparison of CBD release profiles using different receptor cell volumes. In this study, 

higher initial release was observed when using smaller 12 mL receptor cells with a 15 mm orifice diameter 

compared to larger 20 mL cells with a 20 mm orifice. This is likely due to the lower receptor volume in the 

smaller cells, which results in reduced dilution of the permeated drug and therefore higher detectable 

concentrations at early time points. However, after the first two hours, the release rate was greater in the 
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larger receptor cells. This may be attributed to the larger orifice diameter, which provides a greater effective 

diffusion area and facilitates increased drug transport across the membrane over time. Consequently, 

receptor cell geometry, including both volume and diffusion area, can influence the observed release kinetics 

of CBD. Similar observations have been reported in previous studies demonstrating that receptor cell 

dimensions can affect drug release and permeation behaviour (Maver & Maver, 2022). Smaller receptor cells 

make it easier to detect the initial concentrations of a drug, as they involve smaller volumes that are less 

prone to dilution (Finnin et al., 2012), while larger receptor cells with higher orifice diameter have larger 

membrane surface area and allow for higher drug diffusion, leading to a higher release rates over time (M. L. 

Hossain et al., 2023). However, the relatively low overall release of CBD across all configurations emphasizes 

the necessity for additional permeation-enhancing strategies, such as the incorporation of terpenes. 

 
Figure 3.4 In-vitro release profile of CBD using water/Tween 20 (1:1) as the donor phase. The figure compares two receptor media: 
methanol/water (1:1) and PBS containing 3% Tween-20. Higher CBD release was observed in the methanol/water receptor system, 
likely due to its greater solubility and partitioning capacity for CBD (n = 3; mean ± SD). 
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Figure 3.5. In-vitro release profile of CBD using Franz diffusion cells with MCT oil as the donor phase and methanol/water (1:1) as 
the receptor medium. The figure compares cumulative CBD release (%) over 4 hours using receptor cells with different volumes (12 
mL and 20 mL) (n = 3; mean ± SD). 

3.4.3 Cannabinoid-cyclodextrin inclusion complexes 

3.4.3.1 Complexation and loading efficiency, and solubility enhancement. 

The amount of cannabinoids THC and CBD (guest molecules) trapped inside the cyclodextrin (host) inclusion 

complex is measured by its loading efficiency. Complexation efficiency, on the other hand, represents the 

percentage of host molecules (cyclodextrins) that participate in forming inclusion complexes with the 

cannabinoids. In this study, both CBD and THC exhibited complexation efficiencies exceeding 90% w/w with 

β-CD and HP-β-CD, demonstrating highly effective encapsulation. The loading efficiencies for CBD with both 

cyclodextrins were consistent with those previously reported by H. Li et al. (2021). Furthermore, the aqueous 

solubility of CBD and THC increased by 388-fold and 450-fold, respectively, when complexed with HP-β-CD, 

compared to increases of 16.2-fold and 20.6-fold with β-CD. These findings underscore the superior 

solubilizing potential of HP-β-CD over β-CD. The detailed values for complexation and loading efficiencies, 

along with solubility improvements, are summarized in Table 3.3 below. 

Table 3.3 Complexation efficiency (CE), loading efficiency (LE), and aqueous solubility of the inclusion complexes developed (n = 3; 
mean ± SD). 

 

3.4.3.2 Fourier transform infrared (FTIR) spectroscopy of physical mixtures and inclusion complexes of 

cannabinoids and cyclodextrins. 

FTIR analysis was employed to examine the interactions between cannabinoids and cyclodextrins by detecting 

shifts in the positions of peaks and changes in the frequency of functional group vibrations. Figure 3.6 displays 

the FTIR spectra of CBD, β-CD, HP-β-CD, their physical mixtures (PM), and the corresponding inclusion 

complexes, while Figure 3.7 illustrates the spectra of THC, β-CD, HP-β-CD, the PM of THC and the 

cyclodextrins, and the developed inclusion complexes. In the CBD spectrum, characteristic peaks were 

observed at 2828 cm−1, 2854 cm−1, 2924 cm−1, and 2964 cm−1, corresponding to the stretching vibrations 

of -CH3 and -CH2 groups. A peak at 3073 cm−1 was attributed to C-H stretching vibrations from the benzene 

ring, while the 1600 cm−1 to 1400 cm−1 range corresponded to benzene ring vibrations. The peak at 1214 

Complex CE (%) LE (%) Solubility 

IC β-CD and CBD 95 ± 0.56% 26 ± 

0.29% 

204.4 ± 0.39 μg/ml (16.2 folds higher than the 

solubility in water) 

IC HP-β-CD and CBD 92.6 ± 

0.43% 

22.8 ± 

0.37% 

4.90 ± 0.22 mg/ml (388.8 folds higher than the 

solubility in water) 

IC β-CD and THC 91 ± 0.16% 20 ± 

0.08% 

57.68 ± 0.87 μg/ml (20.6 folds higher than the 

solubility in water) 

IC HP-β-CD and THC 90.8 ± 

0.08% 

15.6 ± 

0.02% 

1.26 ± 0.57 mg/ml (450 folds higher than the 

solubility in water) 
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cm−1 was associated with C-O stretching vibrations. In the FTIR spectrum of the distilled THC oil, a peak at 

3074 cm−1 was observed, corresponding to C-H stretching vibrations from the benzene ring. The peaks 

between 2900 cm−1, and 2800 cm−1 were associated with the stretching of -CH3 and -CH2- groups, common 

to both CBD and THC. The peaks at 1629 cm−1, 1585 cm−1, 1518 cm−1, and 1444 cm−1 corresponded to 

benzene ring skeleton vibrations. Meanwhile, the peaks at 1377 cm−1 and 1216 cm−1 were attributed to the 

bending vibration of -CH3 and the stretching vibration of C-O, respectively. 

In the β-CD spectrum, peaks at 2900 cm−1 were linked to C-H stretching vibrations, and additional peaks at 

1158 cm−1 and 1031 cm−1 were indicative of C-O and C-O-C stretching vibrations. The HP-β-CD spectrum 

showed similar features to β-CD, with an additional peak around 3400 cm−1, corresponding to hydroxyl group 

stretching. FTIR spectra of the physical mixtures of CBD and THC with the cyclodextrins showed a complete 

overlap of the spectra of the pure cannabinoids and cyclodextrins, suggesting that no interactions occurred 

between CBD or THC and either β-CD or HP-β-CD. In contrast, the spectra of the inclusion complexes were 

more similar to those of the cyclodextrins, with prominent cannabinoid peaks such as 1214 cm−1, 1623 cm−1, 

and 3073 cm−1 significantly reduced or absent. This suggests that CBD and THC was effectively encapsulated 

within either β-CD or HP-β-CD, forming stable inclusion complexes. Confirmation of inclusion complexes by 

FTIR are further supported by similar results from previous research (H. Li et al., 2021; Patil & Pandey, 2024; 

Upadhye et al., 2010).  

 

Figure 3.6 FTIR spectra of CBD, β-CD, HP- β-CD, β-CD physical mixtures (PM), HP- β-CD PM, IC1 (inclusion complex of CBD with β-
CD), and IC2 (inclusion complex of CBD with HP- β-CD). 
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Figure 3.7. FTIR spectra of THC, β-CD, HP- β-CD, β-CD physical mixture (PM), HP- β-CD PM, THC β-CD inclusion complex (IC), and 
THC HP- β-CD IC. 

3.4.3.3 SEM of physical mixtures and inclusion complexes of cannabinoids and cyclodextrins 

Scanning electron microscopy (SEM) is commonly used to confirm the formation of inclusion complexes by 

comparing the morphological differences between pure cannabinoids, cyclodextrins, and their inclusion 

complexes. Figure 3.8 illustrates the structure of pure CBD, β-CD, and HP-β-CD, as well as their physical 

mixtures and inclusion complexes developed with both CBD and THC. Cannabidiol (CBD) shows a distinct 

crystalline structure, while β-CD is depicted with a prismatic crystalline form. HP-β-CD, on the other hand, has 

a spherical shape with fragmented cavities. These morphological differences help in verifying the formation 

of inclusion complexes. In the physical mixtures of CBD and the cyclodextrins, the individual structures, some 

of which were fragmented, were observed without any evident interactions between the components. In 

contrast, the inclusion complexes exhibited a complete disappearance of the characteristic structures of the 

individual compounds, indicating successful interactions between the host molecules (β-CD or HP-β-CD) and 

the guest molecules (CBD or THC). This observation is consistent with previous studies and is further 

supported by confirmation through FTIR analysis (H. Li et al., 2021).  
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Figure 3.8. SEM images of A) CBD, B) β-CD, C) HP- β-CD, D) PM of CBD and β-CD, E) PM of CBD and HP- β-CD, F) Inclusion complex of 
CBD and β-CD, G) Inclusion complex of CBD and HP- β-CD, H) Inclusion complex of THC and β-CD, I) Inclusion complex of THC and 
HP- β-CD (scale bars as indicated in each micrograph). 

3.4.3.4 In-vitro dissolution profiles 

Figure 3.9. Comparison of in-vitro dissolution profiles between inclusion complexes and raw cannabinoids (CBD/THC). Data 
represent (n = 3; mean ± SD).  

The dissolution profiles obtained reflect the release of cannabinoids from the inclusion complexes at various 

time points, shown in Figure 3.9 For raw CBD and THC, the dissolution was minimal, with less than 5% of the 

cannabinoids released after 4 hours. When the cannabinoids were included in complexes with β-CD, the 

dissolution rate increased, but it remained relatively low, with less than 20% of the cannabinoids released 

within the same 4-hour period. In contrast, the inclusion complexes formed with HP-β-CD exhibited a 
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significantly higher dissolution rate, achieving complete (100%) release of the cannabinoids within 4 hours. 

The enhanced dissolution rate observed with HP-β-CD can be attributed to its increased water solubility 

compared to β-CD. As revealed by previous SEM analysis, HP-β-CD displayed a spherical morphology, which 

likely contributes to its rapid release profile. The spherical structure of HP-β-CD may facilitate a burst release 

mechanism, likely due to swelling upon contact with the dissolution medium, allowing for faster dissolution 

of the encapsulated cannabinoids. The in-vitro release profiles obtained corroborate previous results of SEM 

and solubility studies done (Li et al., 2021).  

This research successfully demonstrated the formation of cannabinoid-cyclodextrin inclusion complexes. 

These complexes significantly enhanced the solubility of CBD and THC, confirming that the interaction 

between the host (cyclodextrins) and guest molecules (CBD/THC) improved their dissolution properties. 

3.4.4 Ex-vivo penetration of CBD in presence of terpene 

Table 3.4. Log P and boiling point values of terpenes used in this study. 

Previous ex-vivo studies conducted within our research group demonstrated that the amount of CBD 

permeating through the mucosal tissue into the receptor compartment was minimal or negligible. 

Additionally, analysis of the donor compartment revealed that the residual concentration of CBD was also 

low, indicating that the compound was not simply retained in the donor media. Given these findings, it was 

hypothesized that CBD may be predominantly localizing within the mucosal tissue itself rather than 

undergoing full transmembrane diffusion. Hence, CBD penetration was evaluated by quantifying the extent 

of CBD that partitioned into and diffused throughout the mucosal layers. Ex-vivo penetration of CBD in the 

presence of different concentrations and combinations of terpenes d-limonene, l-menthol, α-Pinene, and 1,8-

cineole were compared with a chemical permeation enhancer Azone and pure CBD dissolved in MCT vehicle 

(carrier), as shown in Figure 3.10. Among all the terpenes tested at a 5% concentration, 1,8-cineole 

demonstrated the greatest enhancement of CBD penetration into the mucosal tissue. This was followed, in 

decreasing order of effectiveness, by d-limonene, l-menthol, and α-pinene. None of the terpenes exhibited 

any inhibitory effect on CBD penetration.  

Previous studies have suggested that the lipophilicity and boiling point (BP) of terpenes are critical 

physicochemical parameters influencing their ability to act as permeation enhancers. Generally, lipophilic 

terpenes are more effective in facilitating the permeation of hydrophobic drugs like CBD due to their 

effectiveness in penetrating lipid-rich layers of the skin or mucosa (Prasanthi & Lakshmi, 2012). Longgos et al. 

(2024) investigated the permeation-enhancing effects of various terpenes on lipophilic drugs and found that 

limonene exhibited greater enhancement compared to menthol, primarily due to its higher lipophilicity. 

Terpene Log P Boiling point (°C) Reference 

1,8-Cineole 2.82 174 °C (Furuishi et al., 2013) 

L-Menthol 3.20 215.4 °C (Furuishi et al., 2013) 

α -Pinene 2.11 188.6 °C (Furuishi et al., 2013) 

D-limonene 4.45 175.4 °C (Aissou et al., 2017) 
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Another key factor influencing drug permeation was the boiling point of the terpenes. Terpenes with higher 

boiling points tended to show reduced enhancement potential, likely because their increased cohesiveness 

limited their interaction with biological membranes (Vlaia et al., 2014). Although 1,8-cineole has low 

lipophilicity, its boiling point is the lowest which might have contributed to higher permeation of CBD. A 

previous study by P. Tabboon et al. (2022) reported either negligible or inhibitory effects on mucosal CBD 

permeation when highly lipophilic terpenes such as nerolidol and oleic acid were used in combination with 

lipophilic carriers like MCT oil. This was attributed to CBD’s strong affinity for the vehicle, which hindered its 

partitioning into the buccal mucosa. 

Table 3.4 summarizes the log P values (indicating lipophilicity) and boiling points of the studied terpenes. 

While the synthetic enhancer Azone showed greater enhancement effects compared to individual terpenes, 

almost all combinations of terpenes outperformed Azone significantly. The most effective formulation 

consisted of 3.125% 1,8-cineole, 0.625% d-limonene, 0.625% L-menthol, and 0.625% α-pinene, which 

produced the greatest enhancement in CBD permeation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Ex-vivo buccal penetration effects of permeation enhancers on CBD (n = 3; mean ± SD). Bars annotated with different 
letters (a–i) indicate statistically significant differences between formulations (p < 0.05), while bars sharing the same letter are not 
significantly different. 

3.4.5 HPLC validations 

Calibration curves of CBD and THC were developed using prepared external standards of the cannabinoids in 

different concentrations. Method validation was carried out by running six concentrations of each 

cannabinoid six times (N=6). Calibration curves obtained were straight and linear. The correlation coefficient 

(R2) of the CBD and THC were identified to be 0.9992 and 0.9998, respectively, with standard concentrations 

ranging from 0 to 100 µg/ml, highlighted in Figure 3.11. 
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Figure 3.11. Calibration curves of THC and CBD using HPLC-UV. 

LOD and LOQ values for the cannabinoids, as presented in Table 3.5 are consistent with those reported in 

earlier validation studies conducted by Lazarjani et al. (2024). The lowest concentration of both the 

cannabinoids used was 1.56 µg/ml. Notably, the determined LOD and LOQ values for both analytes were 

below this concentration, indicating the method’s high sensitivity. Highly sensitive analysis can help ensure 

the accurate measurement of cannabinoids even in dilute samples or during early-stage permeation.  

Table 3.5. LOD and LOQ of CBD and THC (n = 6). 

 

3.5 Conclusions 

This study successfully evaluated multiple strategies to improve the solubility, release, and mucosal 

penetration of lipophilic cannabinoids CBD and THC. Solubility studies revealed 3% Tween-PBS solution was 

found to provide sufficient solubility while maintaining sink conditions, making it an optimal receptor medium 

for in-vitro and ex-vivo studies. In-vitro drug release studies confirmed that CBD exhibits limited release when 

formulated in MCT oil, due to its strong affinity for the lipophilic carrier. Significant improvements in release 

were observed when using aqueous Tween-based donor solutions. Franz cell design parameters such as 

receptor volume and orifice diameter were also shown to influence the release profile, with larger receptor 

cells enhancing CBD diffusion over time. The formulation of cannabinoid-cyclodextrin inclusion complexes, 

especially with HP-β-CD, significantly improved aqueous solubility and dissolution rates. FTIR and SEM 

analyses confirmed successful complexation, while dissolution studies demonstrated nearly 100% release of 

cannabinoids from HP-β-CD complexes within 4 hours. These findings confirm the formation of stable host-

guest complexes that enhance drug performance. Ex-vivo penetration studies revealed that individual 

terpenes such as 1,8-cineole, d-limonene, and L-menthol can enhance CBD permeation through buccal tissue. 

Notably, combinations of terpenes yielded even greater enhancement, with a specific blend of 3.125% 1,8-

Cannabinoid LOD (µg/ml) (n = 6) LOQ (µg/ml) (n = 6) 

CBD 0.162245 0.540817 

THC 0.255451 0.851502 
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cineole, 0.625% d-limonene, 0.625% L-menthol, and 0.625% α-pinene outperforming all other combinations, 

and the synthetic enhancer Azone. This suggests a synergistic effect among terpenes in promoting penetrating 

enhancing effects. Finally, the HPLC-UV analytical method used for quantifying cannabinoids was revalidated. 

It demonstrated excellent sensitivity, with obtained LOD and LOQ values below the minimum concentrations 

of cannabinoid standards used. This ensures its reliability for detecting cannabinoids in trace amounts during 

permeation and release studies. Overall, the combination of solubilizers, optimized donor/receptor systems, 

cyclodextrin complexation, and terpene-based permeation enhancers presents a comprehensive strategy for 

improving cannabinoid delivery via mucosal routes. These findings provide a strong foundation for the 

development of effective, non-invasive cannabinoid formulations with the potential for enhanced 

bioavailability through buccal administration. 
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Chapter 4: Development of Thermoresponsive 

Mucoadhesive In-Situ Gels for Buccal Cannabinoid 

Delivery 
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Abstract 

Thermoresponsive in-situ gels are liquid formulations that undergo a sol–gel transition at body temperature, 

forming a semi-solid gel upon administration. Among the thermosensitive polymers, poloxamer 407 (P407) 

is widely used due to its reversible sol–gel transition, ease of formulation, biocompatibility, and ability to 

control drug release. This study aimed to develop and optimize thermosensitive mucoadhesive in-situ gel 

formulations for buccal delivery of cannabinoids using P407 in combination with either Carbopol 934P or 

hydroxypropyl methylcellulose (HPMC). To enhance solubility and ensure homogeneous gel incorporation, 

cannabidiol (CBD) and Δ⁹-tetrahydrocannabinol (THC) were complexed with hydroxypropyl-β-cyclodextrin 

(HP-β-CD). A three-level factorial design was employed to optimize polymer concentrations, targeting 

viscosity, sol–gel transition temperature, and gelation time. Comprehensive characterization of the 

formulations included assessment of sol–gel transition behaviour, viscosity profiles, textural properties, ex-

vivo mucoadhesive strength, drug release kinetics, ex-vivo penetration of cannabinoids, and long-term 

formulation stability. Carbopol-based gels demonstrated higher viscosity, stronger mechanical integrity, and 

superior mucoadhesive properties compared to HPMC-based formulations, resulting in prolonged mucosal 

residence. Gelation studies, in-vitro release and ex-vivo penetration indicated that HPMC-based gels 

transitioned more rapidly at 37°C and released cannabinoids more rapidly than Carbopol counterparts. 

Physicochemical analyses confirmed stable drug encapsulation without chemical interactions, while stability 

studies indicated superior cannabinoid retention in Carbopol-based gels. Overall, these findings highlight the 

potential of Poloxamer 407–based thermoresponsive in-situ gels as effective carriers for buccal cannabinoid 

delivery. Among all formulations, PC5C (Poloxamer with Carbopol and CBD) showed the best performance 

with strong adhesion, stability, and controlled release. 
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4.1 Introduction 

Sustained-release dosage formulations play a critical role in improving the effectiveness of cannabis-based 

therapies, particularly when administered via the oro-mucosal route. They offer a promising solution by 

allowing the gradual release of active cannabinoids, maintaining more consistent drug levels, improving 

bioavailability, and minimizing dosing frequency. In-situ gel systems have gained considerable attention as 

sustained release formulations, particularly for alternative routes of administration such as oro-mucosal, 

nasal, ocular, and vaginal delivery. These systems are initially formulated as low-viscosity liquids, allowing for 

easy and precise administration to the target site, and transform into gels either via physiological or chemical 

mechanisms (B. Vigani et al., 2020). This ensures that the formulation remains fluid during storage and 

administration but solidifies after application, enhancing drug retention. Chemical methods for gelation 

include enzymatic crosslinking, irradiation, click-reaction, genipin, and thiol oxidation-stimulated gelling 

reactions (A. Prasannan et al., 2018; Zeng et al., 2014). Physiological mechanisms of gelation involve stimuli 

such as changes in temperature, pH, or the presence of ions that promote the liquid formulation to undergo 

a sol-to-gel transition, forming a semi-solid gel in situ. This transformation enhances the formulation’s ability 

to remain at the site of application, prolonging drug residence time, minimizing wash-out, and facilitating 

controlled drug release. Physiologically triggered in-situ gels have received considerable attention in recent 

decades due to their ability to form gels without the need for organic solvents or co-polymerizing agents 

(Ruel-Gariépy & Leroux, 2004; B. Vigani et al., 2020). 

Temperature-sensitive gelation relies on thermo-responsive polymers that respond to body temperature. 

Ideally, these polymers remain in a liquid state at room temperature and undergo a phase transition to form 

a gel at physiological temperatures (~37°C). This behaviour is due to their phase separation characteristics; 

some polymers gel when heated above their lower critical solution temperature (LCST), while others solidify 

upon cooling below their upper critical solution temperature (UCST). In certain cases, these transitions are 

reversible, allowing the polymers to switch between sol and gel states depending on the temperature (Ruel-

Gariépy & Leroux, 2004; Taylor et al., 2017). Thermally induced gel-forming polymers include but are not 

limited to polymers such as pectin, carrageenan, cellulose derivatives, chitosan, xyloglucan, and poloxamers 

(Forouhe Zahir-Jouzdani et al., 2018). Natural polymers such as carrageenan exhibit thermo-reversible 

gelation, forming gels at lower temperatures and returning to a liquid state at higher temperatures. In 

contrast, certain cellulose derivatives can gel at elevated temperatures, but these temperatures are often too 

high for practical biomedical applications. Therefore, chemical or physical modifications are typically required 

to adjust their gelation properties to allow for transition at more suitable, physiologically relevant 

temperatures. Both xyloglucan and chitosan require enzymatic modification to achieve gelation at 

physiological temperatures, and they tend to have low mechanical gel strength. Additionally, chitosan is highly 
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pH-sensitive, remaining soluble only in acidic environments, which limits its use in neutral or alkaline 

conditions (Ruel-Gariépy & Leroux, 2004). 

Commonly used thermo-responsive in-situ gelling polymers are poloxamers (also known as Pluronic’s). They 

are inexpensive and have been found especially useful in various drug delivery systems, as well as wound 

dressing and cell culture applications. Thermo-sensitive poloxamers are a class of triblock copolymers 

composed of a central hydrophobic block of polypropylene oxide (PPO) attached by two hydrophilic blocks of 

polyethylene oxide (PEO). These polymers exhibit temperature-dependent sol-to-gel transitions, making 

them highly suitable for in-situ gelling applications. At certain concentrations known as critical micelle 

concentration (CMC) and above their lower critical solution temperature (LCST), poloxamers self-assemble 

into micelles. This self-assembly is primarily driven by hydrophobic interactions between the PPO blocks, 

which interact with each other via Van der Waals forces to form the core of the micelle. The hydrophilic PEO 

blocks then form the outer shell, which stabilizes the micelle in aqueous environments through hydrogen 

bonding with water molecules. As the temperature increases, the hydrophobic interactions between the PPO 

segments are enhanced, promoting more extensive micelle formation. Beyond a certain threshold 

temperature, these micelles begin to pack closely and organize into a three-dimensional network, leading to 

the formation of a semi-solid gel. This sol-to-gel transition is reversible; when the temperature is reduced, 

the hydrophobic interactions weaken, micelles dissociate, and the system reverts to its original liquid state. 

This mechanism is highlighted in Figure 4.1. The gelation behaviour of poloxamers is highly dependent on 

both concentration and temperature. Gel formation typically occurs only above a certain concentration 

referred to as the critical gelation concentration (CGC) and within a specific temperature range. The LCST of 

these polymers can be easily modified upon using a combination of different poloxamers in variations or by 

incorporating other polymers (Singh et al., 2013; Soliman et al., 2019).  

 
Figure 4.1. Thermo-reversible self-assembly of poloxamers into micelles and gels (Adopted from (Zarrintaj et al., 2020)). 

Variations in the lengths of PEO and PPO groups allow for the synthesis of a wide range of poloxamers with 

specific properties. Among the various poloxamers, Poloxamer 407 (P407) (also known as PF-127), Poloxamer 
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188 (P188), and Poloxamer 338 (P338) are frequently researched for pharmaceutical applications, each 

offering distinct characteristics. Poloxamer 188, with an average molecular weight of 8400 Da, forms small 

micelles and has a lower gelation temperature. This characteristic makes it suitable for rapid drug release 

applications. However, when compared with P407, it exhibits lesser mucoadhesive strength. Although P338 

has superior mechanical and mucoadhesive strength, its higher gelation temperature of 57°C at 20% (w/v) 

concentration limits its use in various drug delivery applications (Deiringer et al., 2025). P407, with an average 

molecular weight of 12,600 Da, is widely used in mucosal applications with its ability to remain completely 

fluid below 20-25°C, and forms a clear gel at physiological temperatures of 30-35°C. The sol-gel temperatures 

of P407 can be modified by combinations with other poloxamers, polymers, additives, and drugs. This 

poloxamer is chemically stable and is approved by the US FDA in various pharmaceuticals in the market. 

However, P407 also faces limitations such as poor mechanical properties, rapid degradation, and inadequate 

mucoadhesive strength (Diaz-Salmeron et al., 2021; Ruel-Gariépy & Leroux, 2004; F. Zahir-Jouzdani et al., 

2018; Zeng et al., 2014). 

Mucosal drug delivery systems require strong mucoadhesion to enhance residence time, improve 

bioavailability, and achieve sustained drug release. Poloxamer-based gels often incorporate mucoadhesive 

polymers such as Carbopol, hydroxypropyl methylcellulose (HPMC), xanthan gum, or chitosan to improve 

adhesion, mechanical strength, and stability. For instance, Carbopol enhanced mucoadhesion and 

bioavailability in ophthalmic and intranasal P407 formulations, with each increase in Carbopol content 

significantly improving gel cohesion(Qi et al., 2007; P. R. Ravi et al., 2015).  Similarly, HPMC improved 

mucoadhesion and sustained release in ocular P407 gels (Chen et al., 2023). In addition the incorporation of 

these mucoadhesive polymers has also been shown to improve the mechanical strength of poloxamer-based 

gels, resulting in more robust and stable formulations suitable for prolonged mucosal application (F. Zahir-

Jouzdani et al., 2018). However, inclusion of drugs or excipients can slightly lower the gelation temperature, 

highlighting the need to optimize formulations to maintain appropriate sol–gel transition for effective delivery 

(Choi et al., 2014).  

Numerous studies have explored the development of P407-based in-situ gels for buccal drug delivery, 

targeting both local and systemic therapeutic effects. Rençber and Karavana (2020) developed mucoadhesive 

P407 gels with dexamethasone, achieving enhanced rheological properties and sustained drug release. Zeng 

et al. (2014) formulated P407–P188–xanthan gum gels for systemic delivery of salbutamol, improving 

mucoadhesion, controlled release, and bypassing first-pass metabolism. Chaudhary and Verma (2014) 

combined P407 with HPMC and Carbopol to sustain acyclovir release for both local antiviral action and 

systemic absorption. Similarly, Ferreira et al. (2019) developed P407–Carbopol 974P gels with curcumin, 

demonstrating effective ex-vivo buccal mucosal penetration and potential for systemic delivery. 

Research on the application of cannabinoids through poloxamer-based in-situ gels for oro-mucosal routes 

remains limited. Changsan et al. (2023) formulated aqueous solutions of cannabidiol (CBD) complexed with 
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cyclodextrins into P407-based intranasal in-situ gels. This formulation was explored for its potential to 

modulate immune responses and treat cytokine storms induced by coronavirus infection. In another study, 

combinations of poloxamers were utilized to develop intranasal in-situ gels containing nanostructured lipid 

carriers loaded with CBD. These gels were designed with enhanced mucoadhesive properties to prolong nasal 

residence time for treatment of neuropathic pain (Matarazzo et al., 2021). The studies demonstrate the 

promise of poloxamer-based in-situ gels as effective delivery systems for cannabinoids, particularly through 

mucosal routes where sustained therapeutic effects are desirable.  

Leveraging the demonstrated potential of P407-based in-situ gels for enhancing mucoadhesion, mechanical 

strength, and sustained drug release, and considering the limited application of such systems for cannabinoid 

delivery, this chapter aimed to develop poloxamer-based in-situ gelling formulations for buccal delivery 

incorporating CBD and THC complexed with hydroxypropyl-β-cyclodextrin (HP-β-CD). The study focused on 

evaluating the impact of incorporating mucoadhesive polymers HPMC or Carbopol 934P on gelation 

behaviour, mechanical strength, mucoadhesive performance, in vitro drug release, and ex vivo mucosal 

penetration, to identify formulations that provide an optimal balance of these properties. This formulation 

strategy is expected to not only enhance the bioavailability of cannabinoids by prolonging their residence 

time at the buccal mucosa but also to provide a non-invasive, patient-friendly delivery platform. By 

systematically evaluating the interplay between polymer composition and gel performance, the study 

intended to lay the groundwork for future preclinical and clinical investigations of P407-based cannabinoid 

delivery systems. 

4.2 Materials and methods 

Pluronic F-127 (Poloxamer 407) and (Hydroxypropyl)methyl cellulose (HPMC) was purchased from Sigma-

Aldrich, New Zealand. Carbopol 934P (Serva) from DKSH LabShop, New Zealand, D-Limonene from Thermo 

Fisher, New Zealand, 1,8- cineole, α-Pinene from Sigma-Aldrich, New Zealand, laurocapram 95% from AK 

Scientific, and l-Menthol from Chem express supplied by Focus Bioscience, Australia. Medium chain 

triglyceride (edible oil) purchased from local store, Auckland. Phosphate buffered saline (PBS) tablets (pH 7.4, 

Tween-20%, β-CD, HP-β-CD, acetonitrile, and Bovine Serum Albumin (BSA) were purchased from Sigma-

Aldrich, New Zealand. Pure isolated CBD and distilled oil of THC were provided by Helius Therapeutics Ltd, 

New Zealand. All other reagents used were of analytic grade.  

4.2.1 Preparation and optimizations of P407 in-situ gels 

4.2.1.1 Preliminary optimizations 

Preliminary optimization studies were conducted using P407-only gels to determine the appropriate 

concentration range for inclusion in the final formulations. The visual appearance, fluidity at room 
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temperature, and gelling capacity of the prepared P407 solutions were initially assessed through simple visual 

observation.  

To evaluate the sol–gel transition time, the formulations were transferred into glass vials and placed on a 

magnetic stirrer maintained at 37 °C. The gelation time was recorded as the point at which the magnetic stir 

bar ceased to rotate completely, indicating the formation of a gel. The gel formed was also confirmed by tube-

inversion method (Galocha-León et al., 2023).  

In addition, sol–gel transition temperatures were determined by measuring the viscosity of the formulations 

at gradually increasing temperatures, ranging from 10 to 50°C, using a rheometer (RST-SST, Brookfield) 

equipped with a rotating ramp measuring block. Viscosity values were recorded at a fixed shear rate of 100 s⁻¹, 

and the sol–gel transition temperature was identified as the temperature at which a pronounced increase in 

viscosity was observed, corresponding to the formation of a gel-like structure. These evaluations helped 

establish the ideal P407 concentration to ensure efficient gelation at physiological temperatures while 

maintaining suitable handling properties at room temperature (Harish et al., 2009). 

4.2.1.2 Preparation of cannabinoid incorporated in-situ gels of P407s with mucoadhesive polymers. 

For preparation of P407 only in-situ gelling solutions, the required amount of P407 (15 to 22% w/v) was 

gradually added to deionized water under mild stirring for approximately 5 minutes, followed by refrigeration 

at 4 °C for up to 12 hours to ensure complete dissolution. For the preparation of cannabinoid-loaded in-situ 

gels with mucoadhesive polymers, Carbopol or HPMC (0.1 to 0.5% w/v) were first dissolved in deionized 

water. Once the polymers were fully hydrated, P407 (20% w/v) was incorporated into the solution with gentle 

stirring and refrigerated for 12 hours to allow proper mixing. The previously prepared HP-β-CD inclusion 

complexes of cannabinoids were then introduced into the mixture to achieve a final cannabinoid 

concentration of 20 mg/ml. Additional excipients, including sweetener 2% (w/v) mannitol and 0.05% (w/v) 

preservative propyl paraben, were added and the mixture was stirred until all components were fully 

dissolved. The pH of the developed formulations was adjusted to 7 using triethanolamine. All formulations 

were subsequently stored at 4°C for a minimum of 24 hours before undergoing further evaluation (Choi et 

al., 2014; Ferreira et al., 2019; Rençber & Karavana, 2020).  

4.2.1.3 Three-level factorial optimization of P407 with HPMC/Carbopol in situ gels 

A 3² factorial design was employed to systematically optimize the concentrations of P407 and mucoadhesive 

polymers, either HPMC or Carbopol, using Design Expert software. Two independent formulation variables 

were selected, which were P407 concentration ranging from 18 to 22% (w/v) and polymer (HPMC or 

Carbopol) concentration ranging from 0.1 to 0.5% (w/v). The impact of these variables on characteristics of 

the in-situ gels was evaluated by monitoring three dependent variables, including viscosity at room 

temperature (cps), viscosity at 37°C (cps), and gelation time (s). The primary goals were to minimize viscosity 

at room temperature for ease of administration, maximize viscosity at 37°C to ensure stable gel formation, 
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and minimize gelation time to enable rapid transition at physiological conditions. The coded levels of 

independent variables and the constraints applied to the dependent variables are summarized in Table 4.1. 

Optimized formulations were further subjected to physicochemical and mechanical characterizations. 

Table 4.1. Independent variables and corresponding levels used in the factorial design, and the constraints applied to the 
dependent (response) variables for optimization of thermoresponsive in-situ gels. 

Independent variables 

 Levels 

 -1 0 +1 

P407 % (w/v) 18 20 22 

HPMC/Carbopol % (w/v) 0.1 0.3 0.5 

Dependent variables 

 Constrains 

Viscosity at room temperature (cps) Minimize 

Viscosity at 37°C (cps) Maximize 

Gelation time (s) Minimize 

 

4.2.2 Appearance, pH, and drug content of developed formulations 

The appearance of the formulations was assessed visually for clarity, colour, and homogeneity. pH 

measurements were conducted by transferring 5 mL of the optimized in-situ gelling solution into a beaker 

and recording the pH at room temperature using a calibrated bench-top pH meter (Interlab, NZ), ensuring 

measurements were taken prior to gelation.  

For drug content analysis, an amount of each optimized formulation equivalent to 20 mg of cannabinoids was 

accurately measured and diluted in a 1:1 mixture of acetonitrile and water. The resulting solutions were 

centrifuged, then filtered through a 0.45 µm membrane filter and analysed using a validated HPLC method as 

described in the previous chapter.  

4.2.3 Sol-gel transition temperature and gelation time of the optimized formulations 

The gelation time of the optimized formulations was determined by placing the samples on a hot plate with 

magnetic stirring. The temperature was maintained at 37 °C and monitored using a digital thermometer, and 

the time required for gel formation was recorded, as described previously in Section 4.2.1. Gelation was 

confirmed when the magnetic stir bar ceased to rotate, indicating the transition from sol to gel at physiological 

temperature. 
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Sol–gel transition temperatures were determined by measuring the viscosity of the formulations using a 

Brookfield RST-SST rheometer equipped with a rotating ramp measuring block while gradually increasing the 

temperature, with the transition temperature identified from the change in viscosity, as described in Section 

4.2.1. 

4.2.4 Mechanical properties of the P407 in-situ gels 

Hardness, cohesiveness, and springiness of the optimized gels were assessed using a texture analyser (Stable 

Micro Systems, UK) fitted with a 50 N load cell. Gel samples (from 1 ml of in-situ gelling solutions) were placed 

in individual wells of a 12-well plate and positioned on the analyser platform. A stainless-steel spherical probe 

(5 mm diameter) was used to compress each sample to a depth of 1 mm at a test speed of 0.8 mm/s, with a 

5-second relaxation period between two compression cycles (n = 3). The results were analysed using TA.XT 

Exponent software to quantify the mechanical parameters. The procedure was adapted from a previously 

employed method by De Souza Ferreira et al. (2017). Although the software allows additional parameters 

such as adhesiveness, consistency, and gel strength to be obtained, the present study focused on hardness, 

cohesiveness, and springiness as the primary indicators of gel mechanical behaviour. 

4.2.5 Mucoadhesive strength of developed in-situ gels. 

Experiments were performed by adapting the previously employed method by Patlolla et al. (2020). The 

mucoadhesive strength of the optimized in-situ gel formulations was evaluated ex vivo using a texture 

analyser (Stable Micro Systems, UK) equipped with a 50 N load cell and a 10 mm cylindrical probe. Fresh 

porcine buccal mucosa was obtained from a local butcher shop (Auckland, New Zealand), cleaned with 

phosphate-buffered saline (PBS, pH 7.4), and used within 2 hours of excision. The mucosal tissue was trimmed 

to a suitable size and securely attached to the upper probe of the texture analyser using double-sided 

adhesive tape to ensure stable positioning during the measurement, as shown in Figure 4.2 below. 

 
Figure 4.2 (A) Texture analyser used, (B) testing mucoadhesive strength with porcine buccal mucosa attached to the probe. The 
plate is attached to the platform using double sided tape. 

Gel samples (from 1 ml of in-situ gelling solutions) were placed in individual wells of a 12-well plate and 

positioned on the analyser platform, below the probe. Prior to measurement, the samples were equilibrated 

(A) (
A
) 

 

(
B
) 

 

(B) 
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on a hot plate maintained at 37 °C. The probe was then lowered until it contacted the gel surface and 

maintained a constant contact pressure for 60 seconds to allow adhesive bonding between the formulation 

and the mucosa. After this contact period, the probe was withdrawn vertically at a speed of 0.8 mm/s, and 

the maximum detachment force (N) required to separate the probe (with attached mucosa) from the gel was 

recorded. Following each measurement, the samples were returned to the hot plate maintained at 37 °C to 

preserve the gel state. Each experiment was conducted in triplicate (n = 3). The mean peak force value was 

used as an indicator of the mucoadhesive strength of the formulation. 

4.2.6 In-vitro drug release studies 

In-vitro release studies were conducted using a Franz diffusion cell apparatus (Orchid Scientific, India) 

equipped with dialysis membranes (MWCO 14,000 Da) to evaluate cannabinoid release from optimized 

formulations over a 4-hour period. Prior to use, the membranes were hydrated for 24 hours. The Franz cells 

were maintained at 37 °C and allowed to equilibrate for one hour before the experiment commenced. Each 

receptor chamber was filled with 20 ml of phosphate-buffered saline (PBS) containing 3% Tween 20, which 

was continuously stirred at 300 rpm. The pre-soaked cellulose membrane was then placed between the donor 

and receptor compartments and securely clamped. Subsequently, 1 mL of the thermoresponsive in-situ 

gelling formulation was placed directly into the donor chamber with 0.5 ml of artificial saliva added as the 

donor solution, and all openings were sealed with parafilm to minimize evaporation. At specified time 

intervals of 5, 10, 15, 30, 60, 120, and 240 minutes, 1 ml samples were withdrawn from the receptor chamber 

and immediately replaced with fresh medium pre-warmed to 37 °C. The inclusion of 3% Tween 20 and 

periodic replacement of withdrawn samples with fresh pre-warmed medium ensured that the drug 

concentration remained below 10% of its saturation solubility at all times, thereby maintaining sink 

conditions. The collected samples were analysed using HPLC to quantify the amount of cannabinoid released. 

All experiments were performed in triplicate for each optimized formulation. Several studies on poloxamer-

based thermoresponsive mucoadhesive in-situ gels have utilized dialysis membranes in combination with 

Franz diffusion cells, either in standard or modified setups, to investigate the in-vitro release profiles of drugs 

(M.A. Fathalla et al., 2017; Raknam et al., 2022; Shivam U et al., 2020). 

4.2.6.1 Drug release kinetics 

Release kinetics of CBD and THC were analysed using KinetDS software 3.0 (rev. 2010). To characterise the 

drug release mechanisms from the formulations, several mathematical models were applied, including Zero-

order, First-order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell models. The experimental release data 

were fitted to each of these models within the software to determine which model best describes the release 

behaviour of the cannabinoids. The goodness-of-fit for each model was assessed by the correlation coefficient 

(R²) of the linear regression plot generated for each kinetic model. An R² value of 1.00 indicates a perfect fit 

between the model and the experimental data. Therefore, the closer the R² value is to 1.00, the better the 
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model describes the release kinetics of the drug from the formulation (Mendyk et al., 2012). This comparative 

analysis allows for a more comprehensive understanding of the release mechanisms governing the behaviour 

of CBD and THC in the thermoresponsive in-situ gel systems. 

Zero Order 

The zero-order kinetic model assumes that drug release occurs at a constant rate, independent of the drug’s 

concentration within the formulation. This model is typically applied to systems where the formulation does 

not disaggregate or degrade rapidly and where the drug is released in a controlled, sustained manner over 

time. It is particularly relevant for drug delivery systems designed to maintain steady plasma concentrations. 

The zero-order release can be mathematically described by the following equation: 

Qt = Q₀ + K₀t 

Where Qt is the amount of drug released at time t, Q₀ is the initial amount of drug in solution (usually zero 

for most controlled-release formulations), and K₀ is the zero-order release rate constant (with units of 

concentration/time) (Askarizadeh et al., 2023; Dash et al., 2010). 

First Order 

The first-order kinetic model describes a drug release mechanism where the rate of release is directly 

proportional to the concentration of the drug remaining in the formulation. In other words, as the drug 

concentration decreases over time, the rate of release also decreases. This model is commonly associated 

with formulations where the release is diffusion-controlled and follows an exponential decline. 

The mathematical expression for the first-order model is: 

log C = log C0 - Kt / 2.303  

Where K is the first order rat constant (unit time-1), t is the time, C represents concentration at t, and C0 is the 

initial concentration of the drug (Askarizadeh et al., 2023; Dash et al., 2010).  

Hixon-Crowell 

The Hixon-Crowell cube root law describes drug release mechanisms influenced by changes in particle size 

and surface area of release. It is represented by the following equation: 

W0 1/3 - Wt 1/3 = k*t 

Where W0 is the initial drug amount in the formulation, Wt represents drug amount at a specific time (t), and 

k is the Hixon-Crowell release rate constant (Askarizadeh et al., 2023; Dash et al., 2010).  

Korsmeyer-Peppas 
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The Korsmeyer-Peppas power law is used to describe drug release based on the mechanisms of drug 

transport, either by diffusion through the formulation or by swelling of the formulations or formulation 

dissolution, expressed through the equation: 

Mt / M∞ = Ktn 

Where, Mt / M∞ represents drug release fraction at specific time “t”, K is the release constant of Korsmeyer-

Peppas, and n represents the release exponent used for characterizing release from different matrix 

(formulation) geometries (Askarizadeh et al., 2023; Dash et al., 2010). 

Higuchi 

It was the first model developed to determine drug release mechanisms from matrix, now extended to explain 

formulations of different geometries and porosities based on formulation swelling, diffusion, and dissolution.  

Q = KH * t1/2 

Where KH is the dissolution constant, and Q represents the amount of drug released per unit area at specific 

time t (Askarizadeh et al., 2023; Dash et al., 2010). 

4.2.7 Fourier Transform Infrared Spectroscopy (FTIR) of optimized thermoresponsive formulations. 

FTIR analysis was conducted to characterise the pure drug, P407, HPMC and Carbopol and the developed in-

situ gels. The in-situ gels were freeze dried using a Christ alpha series freeze dryer (Osterode am Harz, 

Germany) for 24 hours prior to FTIR. The spectra were recorded using a Thermo Scientific FTIR spectrometer 

(Nicolet iS10, USA). Samples were placed directly onto a monolithic diamond crystal cell, and spectra were 

collected over the wavenumber range of 4000–500 cm⁻¹. Each spectrum was obtained at a resolution of 4 

cm⁻¹ with 32 scans to ensure accuracy and reproducibility. A background spectrum was recorded using a 

clean, empty cell at room temperature (25 ± 2°C) and served as a reference. 

4.2.8 Scanning Electron Microscopy (SEM) of thermoresponsive in situ gels 

The optimized in-situ gel formulations, previously subjected to freeze-drying (as detailed in the preceding 

section), were prepared for morphological analysis. The lyophilized samples were coated with a thin layer of 

platinum using an ion sputter coater (Hitachi E-1045) for 20 seconds to enhance conductivity. Surface 

morphology was then examined using a Schottky field emission scanning electron microscope (FE-SEM) 

(Thermo Scientific, HITACHI SU-70). The images were captured to evaluate structural characteristics of the 

formulated gels. 

4.2.9 Ex-vivo drug penetration 

Ex-vivo drug penetration from in-situ gels was carried out using a Franz diffusion cells with porcine buccal 

mucosa, as previously mentioned (section 3.2.5.3).  
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4.2.10 Stability studies 

Stability studies of the in-situ gel formulations were conducted under refrigerated storage conditions at 

4 ± 2°C to evaluate their long-term stability. Samples were periodically withdrawn at defined intervals of 1, 3, 

and 6 months. At each time point, the formulations were assessed for changes in key physicochemical 

parameters, including pH, physical appearance (e.g., colour, clarity, presence of any precipitation or phase 

separation), drug content, and gelling capacity. These evaluations were performed to ensure the integrity, 

consistency, and performance of the formulation over time under refrigerated conditions (S M et al., 2018).  

4.3 Statistical analysis 

Statistical analysis of the experimental data was performed using R programming and GraphPad Prism 

software (version 10.2.3). For datasets exhibiting normal distribution and homogeneity of variance, one-way 

analysis of variance (ANOVA) was employed to determine statistical significance. In cases where the data did 

not meet parametric assumptions, the non-parametric Kruskal–Wallis test was used as an alternative. Where 

significant differences were identified, post hoc multiple comparisons were conducted using Tukey’s test. A 

p-value of less than 0.05 (P < 0.05) was considered indicative of statistical significance. 

4.4 Results and discussion 

4.4.1 Preliminary evaluations  

4.4.1.1 Optimizations of P407-only in-situ gels 

Initial formulation development focused on evaluating P407 only in-situ gels across a concentration range of 

15 to 22% (w/v) to determine their suitability as thermoresponsive drug delivery systems. All prepared 

formulations appeared clear and homogeneous with no signs of phase separation or precipitation. At room 

temperature (20°C), the solutions exhibited good fluidity, making them appropriate for ease of administration 

before gelation. The sol–gel transition behaviour was observed to be highly dependent on the concentration 

of P407. As reported in previous studies, concentrations above 15% typically result in gel formation at 

temperatures exceeding room temperature, with the gelation temperature decreasing progressively as P407 

concentration increases (Fakhari et al., 2017). This trend was confirmed in the present study. Formulations 

containing 15 and 16% P407 remained low-viscosity liquids even when heated above 40°C. These 

concentrations did not demonstrate gelation within the observed 1-minute time frame and were classified as 

no gel (NG) formulations under the given test conditions. In contrast, formulations with higher P407 

concentrations exhibited distinct thermoresponsive gelation behaviour. Specifically, gels formulated with 18, 

20, and 22% P407 demonstrated sol–gel transition temperatures of approximately 28, 24, and 22°C, 

respectively, with corresponding gelation times of 84.6 ± 0.92, 55.8 ± 0.73, and 42.98 ± 0.12 s at 37°C. Table 

4.2 summarizes the visual characteristics, fluidity, gelling capacity, sol–gel transition temperatures, and 

transition times at 37 °C for formulations ranging from 15 to 22% w/v P407. 
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It was noted that the subsequent inclusion of mucoadhesive polymers (HPMC or Carbopol) with drug-

inclusion complex in later formulations led to an upward shift in the gelation temperature. Therefore, to 

compensate for this increase and maintain gelation close to physiological temperature, further formulation 

optimization efforts were confined to P407 concentrations between 18 to 22%. This concentration range 

offered a suitable balance between pre-administration fluidity and rapid sol–gel transition at mucosal 

temperatures, forming the foundation for subsequent studies involving polymeric blends and drug 

incorporation.  

Table 4.2. Evaluation of P407 in-situ gelling formulations (n = 3; mean ± SD). 

Conc. of P407 

(W/V)  

Visual 

appearance  

Fluidity  Gelling capacity  Sol-gel transition 

temperature  

Sol-gel transition 

time at 37 °C 

15%  Clear +++  +  Slightly viscous 

above 40°C. (NG) 

>1mins  

16%  Clear +++  ++  Slightly viscous 

above 40°C. (NG) 

>1min  

18%  Clear +++  ++  Viscosity increased 

from 28°C. Indicated 

by slow magnetic 

movement. 

84.6± 0.92 s  

20%  Clear +++  ++  Viscosity increasing 

from 24°C.   

55.8 ± 0.73 s  

22% Clear +++  ++  Viscosity increasing 

from 22°C.   

42.98 ± 0.12 s 

Note: NG = No Gel formation within 1 minute, +++= high fluidity; ++ = moderate gelling; + = low gelling. 

The effect of P407 concentration on gelation time was assessed using formulations containing 18, 20, and 

22% (w/v) P407. As shown in Figure 4.3, an increase in P407 concentration resulted in a significant decrease 

in gelation time. The 18% formulation exhibited the longest gelation time (~85 seconds), while the 20 and 

22% formulations demonstrated shorter gelation times of approximately 55 and 40 seconds, respectively. 

These differences were statistically significant across all groups (****, p < 0.0001), indicating a strong inverse 

relationship between P407 concentration and gelation time. Previous research by Gábor et al. (2021) has also 

confirmed this by showing that gelation time decreases with increasing concentrations of P407, with the 

behaviour attributed to the increased formation and densification of micelles at higher concentrations, which 

facilitates faster gelation through enhanced hydrophobic interactions and micellar packing. Such findings are 

particularly relevant for the development of thermoresponsive drug delivery systems, where rapid sol–gel 

transition is often essential for effective in situ application. 
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Figure 4.3. Effect of P407 concentration on gelation time (n = 3; mean ± SD). Statistically significant differences are denoted as 
****p < 0.0001. 

Figure 4.4 illustrates the relationship between temperature and viscosity for three different concentrations 

of P407 solutions (18, 20, and 22% w/v). As temperature increases from 10 to approximately 50°C, all 

formulations show a non-linear increase in viscosity, indicative of a thermoresponsive sol–gel transition. 

Among these, the 22% P407 solution displayed the highest viscosity at all temperatures, followed by 20% and 

then 18%, indicating that higher concentrations enhance the gel strength and responsiveness of the system. 

The viscosity increase is attributed to the formation of micellar structures and their progressive packing into 

a gel network upon heating. These findings are consistent with previous studies, such as Xia et al. (2019), who 

observed a similar concentration-dependent increase of viscosity in P407-based systems. Their work reported 

that at higher concentrations, P407 undergoes micellization and gels at lower temperatures, accompanied by 

a steeper viscosity rise, confirming the results observed in the present study.  

 
Figure 4.4. Temperature-dependent viscosity profiles of 18, 20, and 22% (w/v) P407 formulations (n = 3; mean ± SD). 
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4.4.1.2 Optimization of P407-HPMC/Carbopol in-situ gels via Factorial Design 

This study employed a three-level factorial design to optimize temperature responsive in situ gelling 

formulations using P407 in combination with either HPMC or Carbopol. The key responses measured included 

viscosity at room temperature, viscosity at 37°C, and gelation time. The data were analysed using quadratic 

regression models, and the results were visualized through ANOVA tables, predicted vs. actual plots, and 3D 

surface response plots. 

Viscosity at room temperature 

The viscosity at room temperature was significantly influenced by both the polymers HPMC or Carbopol 

combined with P407. ANOVA results, as highlighted in Table 4.3 for both types of formulations developed, 

showed statistically significant quadratic models (p < 0.0001), confirming the relevance of the fitted models. 

The predicted vs. actual plots (Figure 4.5) indicated strong agreement with minimal deviation from the ideal 

line. The 3D surface plots shown in Figure 4.6 revealed that increasing concentrations of both HPMC/Carbopol 

and P407 increased viscosity at room temperature. 

Table 4.3 ANOVA results summary of viscosity at room temperature for P407–Carbopol and P407–HPMC systems. 

Response Model Type Significant Factors p-value 

(Model) 

Lack of Fit p-

value 

Viscosity at room 

temperature 

Quadratic (P407–

Carbopol) 

A–P407 (p < 0.0001), B–Carbopol (p < 0.0001), 

AB (p = 0.0072), A² (p < 0.0001) 

< 0.0001 0.037 

Viscosity at room 

temperature 

Quadratic (P407–

HPMC) 

A–P407 (p < 0.0001), B–HPMC (p < 0.0001), AB 

(p = 0.0216), A² (p = 0.0047) 

< 0.0001 0.0357 

 

 

 
Figure 4.5. Predicted vs actual plots of viscosity at room temperature for (A) P407-Carbopol formulations and (B) P407-HPMC 
formulations. 

(B) 
(A) 
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Figure 4.6. 3D surface plots of viscosity at room temperature for (A) P407-Carbopol formulations and (B) P407-HPMC formulations. 

The viscosity at room temperature was significantly influenced by both P407 and polymer type (HPMC or 

Carbopol), exhibiting a strong positive linear and quadratic dependency. The fitted quadratic model for the 

P407-Carbopol and P407-HPMC are highlighted in Equation 4.1 and Equation 4.2, respectively.  

Equation 4.1. Viscosity at room temp =  223.69 + 116.67A + 38.50B + 12.00AB + 38.59A2 + 6.09B2 

Equation 4.2. Viscosity at room temp =  224.21 + 124.00A + 40.67B + 12.75AB + 21.28A2 + 11.28B2 

Viscosity at 37°C   

The viscosity at physiological temperature (37°C) followed trends consistent with room temperature viscosity, 

though the magnitudes were significantly higher due to thermoresponsive behaviour of P407 (ANOVA results 

highlighted in Table 4.4). The response surface plots of P407-based gels showed increased viscosity with both 

Carbopol and HPMC, as indicated in Figure 4.8. The predicted vs. actual values (Figure 4.7) were nearly ideal, 

suggesting accurate prediction of the model. 

Table 4.4. ANOVA results summary of viscosity at 37 °C for P407–Carbopol and P407–HPMC systems. 

Response Model Type Significant Factors p-value 
(Model) 

Lack of Fit p-
value 

Viscosity at 37 
°C 

Quadratic (P407–
Carbopol) 

A–P407 (p < 0.0001), B–Carbopol (p < 0.0001), A² (p 
< 0.0001) 

< 0.0001 0.112 

Viscosity at 37 
°C 

Quadratic (P407–
HPMC) 

A–P407 (p < 0.0001), B–HPMC (p < 0.0001), AB (p = 
0.0216), A² (p = 0.0047) 

< 0.0001 0.093 

  

(A) (B) 
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Figure 4.7. Predicted vs actual plots of viscosity at 37°C for (A) P407-Carbopol formulations and (B) P407-HPMC formulations. 

 
Figure 4.8. 3D surface plots of viscosity at 37°C for (A) P407-Carbopol formulations and (B) P407-HPMC formulations. 

At physiological temperature (37°C), both P407-HPMC and P407-Carbopol in situ gel systems demonstrated 

a substantial increase in viscosity, primarily influenced by the concentration of P407. Regression modelling 

revealed non-linear behaviour in both systems, characterised by significant quadratic effects, which 

indicated that viscosity increases up to an optimal concentration before declining. The fitted quadratic 

equations for viscosity at 37°C for P407 with Carbopol and P407 with HPMC are represented in equation 3 

and equation 4, respectively. 

Equation 4.3. Viscosity at 37°C = 2787.413 + 576.5A + 176.33B + -43.249AB + -254.948A² + -21.448B² 

Equation 4.4. Viscosity at 37°C =  1606.793 + 1247.166A + 375.00B + 65.25AB + 230.224A2 + 96.724B2 

Gelation time 

Gelation time, a critical parameter for sol-gel transitions in in-situ gelling formulations, was primarily 

influenced by P407 concentration in both formulations (ANOVA results shown in Table 4.5). In both the 

models, the 3D surface plot indicated that increasing P407 concentration led to a marked decrease in gelation 

time, while HPMC and Carbopol had minimal influence. Surface plots referencing gelation time are 

highlighted in Figure 4.10. The predicted vs. actual plots (Figure 4.9) for gelation time show strong agreement, 

indicating high model accuracy for both P407-HPMC and P407-Carbopol systems. Minor deviations were 

(A) (B) 

(A) (B) 
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observed in the Carbopol formulation at higher concentrations, but overall predictive reliability remains 

strong. 

Table 4.5. ANOVA results summary of gelation time for P407–Carbopol and P407–HPMC systems. 

Response Model Type Significant Factors p-value 

(Model) 

Lack of Fit p-

value 

Gelation 

time 

Quadratic (P407–

Carbopol) 

A–P407 (p < 0.0001), A² (p = 0.0010) 0.0002 0.2013 

Gelation 

time 

Quadratic (P407–

HPMC) 

A–P407 (p < 0.0001), B–HPMC (p < 0.0001), A² (p 

< 0.0001) 

< 0.0001 0.1686 

 

  

 
Figure 4.9. Predicted vs actual plots of gelation time for (A) P407-Carbopol formulations and (B) P407-HPMC formulations. 

 

Figure 4.10. 3D surface plots of gelation time for (A) P407-Carbopol formulations and (B) P407-HPMC formulations. 

(A) 

(B) 

(A) 
(B) 
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Both P407-Carbopol and P407-HPMC systems exhibit decreasing gelation time, with poloxamer having a 

dominant influence on gelation time. The quadratic equation 5 represents gelation time for P407-Carbopol 

and equation 6 for P407-HPMC formulations.  

Equation 4.5. Gelation time = 42.17 + -11A + -3.50B + +0.75AB + 4.90A² + -0.6034B² 

Equation 4.6. Gelation time = 33.931 + -8.5A+ -1.33B + 3.741A² + 0.241B² 

The desirability function identified optimal compositions for both types of formulations, as shown in Table 

4.6. The desirability values, ranging from 0 to 1, indicate how close the formulation responses are to the ideal 

targets; values closer to 1 reflect optimal outcomes for viscosity at room temperature, viscosity at 37°C, and 

gelation time (Paul et al., 2025). Both types of formulations exhibited good overall desirability, with values 

exceeding 0.7, suggesting favourable rheological and gelation properties. However, Carbopol-based 

formulations were found to be slightly superior in terms of viscosity at 37°C and desirability, suggesting better 

performance in sustained drug delivery applications.  

Table 4.6 Optimized formulation parameters and responses for P407–Carbopol and P407–HPMC systems. 

Formulation 
Type 

Formulation 
Code 
(Description) 

P407 (%) Co-
polymer 
(%) 

Viscosity at 
Room 
Temperature 
(cP) 

Viscosity at 
37 °C (cP) 

Gelation 
Time (s) 

Desirability 

P407–
Carbopol 

PC5TC / PC5C 
(CBD + THC / 
CBD only) 

20.265 0.500 286.001 2538.477 36.797 0.745 

P407–HPMC PH5TC / PH5C 
(CBD + THC / 
CBD only) 

20.064 0.500 264.276 2080.757 32.572 0.706 

 

The optimized formulations were further characterised with either CBD only or with both CBD and THC added 

as inclusion complexes. Terpenes were excluded from formulations, as preliminary optimization trials showed 

that their inclusion markedly increased viscosity at room temperature, compromising the sol state and ease 

of administration. This finding is consistent with Rhee et al. (2007),  who observed that terpenes increase the 

viscosity and reduce the sol–gel transition temperature of poloxamer systems. Such effects likely arise from 

hydrophobic interactions between terpenes and the micellar cores of Poloxamer, promoting tighter micelle 

packing and premature gel formation. As a result, the addition of terpenes could interfere with 

thermoresponsive behaviour and drug release consistency; hence, formulations were developed without 

terpenes to maintain desirable gelation properties and stability. 

4.4.2 Appearance, pH, and drug content of developed formulations 

All formulations were prepared using 20% w/v P407 in combination with either 0.5% Carbopol (PC5TC and 

PC5C) or 0.5% HPMC (PH5TC and PH5C) as the mucoadhesive polymer. Formulations PC5TC and PH5TC 

incorporated 10 mg/ml (total cannabinoid content 20 mg/ml) of both cannabidiol (CBD) and 



84 
 

tetrahydrocannabinol (THC), previously complexed in a 1:1 ratio with hydroxypropyl-β-cyclodextrin (HP-β-

CD). Whereas formulations PC5C and PH5C contained only CBD complexed with HP-β-CD (20 mg/ml). This 

enabled comparison of the effect of polymer type and drug composition on the physicochemical 

characteristics of the in-situ gels. Table 4.7 highlights the pH, visual appearance, sol-gel transition time, and 

drug content of these formulations. 

All formulations exhibited a homogenous creamish appearance, with no phase separation or precipitation, 

suggesting efficient solubilization and uniform dispersion of drug-cyclodextrin complexes. The drug content 

was consistent across all formulations, confirming uniform incorporation of cannabinoids within the P407-

based in situ gel matrix. pH values in the range of 4.70 to 6.34, which were adjusted to 6.4 using 

triethanolamine to ensure physiological compatibility. Average pH of the oral mucosa was found to be around 

6.7, with pH of the buccal mucosa around 6.3 (Aframian et al., 2006; He & Mu, 2023). Ideally, buccal 

formulations should be within the salivary pH range of 5.5 – 7.5 to minimize any discomfort at the site of 

application (Li & Castillo, 2020).  

Table 4.7. Appearance, pH, and drug content of poloxamer-based buccal in-situ gels (n = 3; mean ± SD). 

Formulation pH Appearance Drug Content (mg/mL) Sol- Gel Transition 
Temperature  

Sol–Gel Transition 
Time at 37 °C (s) 

PC5TC 4.92 ± 
0.05 

Homogenous, Cream 
coloured 

10.11 ± 0.50 (CBD); 
10.20 ± 0.07 (THC) 

26 °C 36.2 ± 0.9 

PC5C 4.70 ± 
0.12 

Homogenous, Cream 
coloured 

20.30 ± 0.44 (CBD) 26 °C 38.2 ± 1.9 

PH5TC 5.94 ± 
0.22 

Homogenous, Cream 
coloured 

10.80 ± 0.12 (CBD); 
10.07 ± 0.50 (THC) 

28 °C 29.2 ± 1.2 

PH5C 6.34 ± 
0.10 

Homogenous, Cream 
coloured 

20.60 ± 0.23 (CBD) 28 °C 32.65 ± 2.6 

 

4.4.3 Sol-gel transitions and gelation time of optimized formulations 

Sol-gel transitions were measured by determining the viscosity profiles of the various formulations across a 

temperature range of 0 to 40°C. Results demonstrate that the viscosity of the in-situ gels is significantly 

influenced by both the type of mucoadhesive polymer and the drug composition. Formulations containing 

Carbopol (PC5TC and PC5C) exhibited higher viscosities across the temperature range compared to those with 

HPMC (PH5TC and PH5C), indicating that Carbopol enhances gel viscosity more effectively. It is well-

documented that the addition of mucoadhesive polymers can influence the gelation temperature of 

poloxamer-based systems. Several studies have shown Carbopol/HPMC to lower gelling temperatures of 

poloxamer formulations (Balakrishnan et al., 2015; Jones et al., 2009; Silva et al., 2020). Additionally, 

formulations incorporating both CBD and THC (PC5TC and PH5TC) showed higher viscosities than their CBD-

only counterparts (PC5C and PH5C), suggesting that the presence of THC contributes to increased gel 

consistency. The temperature-dependent increase in viscosity observed in all formulations confirms their 
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thermosensitive behaviour, with gelation occurring at physiological temperatures. These findings imply that 

both the choice of mucoadhesive polymer and the specific drug complex composition play crucial roles in 

modulating the physicochemical properties of the gels. These trends are illustrated in Figure 4.11. Figure 4.12 

highlights confirmation of sol-gel transition of thermoresponsive formulation by the inversion method 

(Galocha-León et al., 2023).   

Previous research has identified that acceptable in-situ gelling buccal formulations are required to exhibit gel 

like behaviour between 30°C and 37°C, and remain as liquids at room temperatures (Alhamdany et al., 2020). 

In-situ gels developed with mucoadhesive polymers and drugs CBD and THC increased gelation temperature. 

Research by Mohananaidu et al. (2022) have demonstrated that the addition of lipophilic drugs contributes 

to this increase, as their presence disrupts the self-assembly of hydrophobic groups into the micelle core, 

which can delay or reduce the extent of micelle packing required for gelation. All formulations developed 

remained liquids below 25°C. Overall, the findings emphasize the critical role of polymer type and 

cannabinoid presence in influencing the viscosity of the formulations, which is vital for optimizing drug 

delivery systems utilizing poloxamer-based in situ gels. Further investigations into mechanical properties and 

drug release kinetics are required to refine these formulations for clinical application. 

 
Figure 4.11. Viscosity profiles of 20% P407 and optimized in situ gel formulations (PC5TC, PC5C, PH5TC, PH5C) across a temperature 
range of 0°C to 37.5°C (n = 3; mean ± SD). 

 

 

 

 

Figure 4.12. Confirmation of gel formation by inversion method (A) Formulation remaining at solution state in room temperature, 
(B) Formulation gelled at 37°C. 

Evaluations of sol-gel transition time revealed that although P407–Carbopol formulations (PC5TC and PC5C) 

exhibited stronger gel structures, as demonstrated by their higher viscosity in the temperature-dependent 
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profiles (Figure 4.11), the HPMC-containing formulations (PH5TC and PH5C) transitioned to a gel state more 

rapidly. Gelation time, defined as the period required for the in-situ solution to form a coherent gel network 

upon exposure to physiological temperature, is influenced significantly by the viscosity of the formulation. 

Higher viscosities typically result from stronger intra- and intermolecular interactions within the polymer 

matrix, which can impede molecular rearrangement and thus delay gel formation (Ali & Al-Shohani, 2024). 

This relationship between viscosity and gelation speed was also evident in PC5TC and PH5TC (containing both 

CBD and THC) having higher viscosities than their CBD-only counterparts (PC5C and PH5C) and exhibiting 

slower gelation time. The sol-gel transition times for all formulations are presented in Table 4.8, supporting 

the observed relationship between viscosity and gelation rate. 

Table 4.8. Sol-gel transition times of P407-based in situ gel formulations (n = 3; mean ± SD). 

Formulation Sol-gel transition time at 37°C 

PC5TC 38.2 ± 1.9 s  

PC5C 36.2 ± 0.9 s 

PH5TC 32.65 ± 2.6 s  

PH5C 31.2 ± 1.2s 

 

4.4.4 Mechanical properties of optimized formulations 

Texture analyser was used to measure the mechanical properties and mucoadhesive strength of the 

optimized formulations. The mechanical properties measured included hardness, cohesion and springiness 

reflected in Table 4.9. Hardness reflects the force required to deform the gel, which is important for assessing 

its resistance to mechanical stress during application, retention at the site of administration (buccal mucosa), 

and overall user experience. Gels that are too soft may not remain in place long enough to release the drug 

effectively (Gratieri et al., 2010). Springiness, also referred to as elasticity, is measured in in-situ gels to assess 

their ability to recover their original structure following deformation (Agossa et al., 2020). Appropriate 

elasticity ensures better retention at the site of application. It allows the formulations to resist washout from 

the site of application, ensuring sustained drug release (Gratieri et al., 2010). Cohesion refers to how well the 

gel holds together under deformation of stress. A highly cohesive gel resists fragmentation and maintains 

consistency under mechanical stress, ensuring uniform drug distribution and prolonged residence time at the 

site of administration (Durgun et al., 2022; Thapa et al., 2024). 

The addition of mucoadhesive polymers has been shown to enhance the mechanical properties of in-situ gels, 

with improvements in viscosity often correlating with increased gel strength. This enhancement is attributed 

to the formation of a more structured polymeric network, which contributes to greater resistance to 
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deformation and improved textural integrity under physiological conditions (Fathalla et al., 2022; Swain et al., 

2019). Thermosensitive formulations with Carbopol required higher forces to deform and had higher 

springiness and cohesiveness than those formulated with HPMC. Carbopol-based gels generally exhibit higher 

mechanical strength and cohesiveness than HPMC gels, owing to their greater crosslinking density and more 

cohesive polymer network Patel et al. (2011). Formulations containing both CBD and THC (PC5TC and PH5TC) 

demonstrated higher hardness and springiness values compared to their respective CBD-only counterparts 

(PC5C and PH5C). However, the opposite trend was observed for cohesiveness. This indicates that while the 

combination of CBD and THC contributes to a firmer and more elastic gel structure, it may reduce 

cohesiveness, possibly due to changes in polymer and cannabinoid interactions within the gel matrix.  

Table 4.9. Mechanical properties of optimized thermosensitive formulations (n = 3; mean ± SD). Values in each column bearing 
different superscript letters are significantly different (p < 0.05), whereas those sharing at least one common letter are not 
significantly different (one-way ANOVA with Tukey’s post hoc test). 

Formulations Hardness (N) Springiness (%) Cohesiveness 

PC5TC 0.74 ± 0.06a 99.140 ± 4.34ac 0.784 ± 0.03ab 

PC5C 0.68 ± 0.05ab 96.210 ± 2.35ab 0.878 ± 0.13a 

PH5TC 0.53 ± 0.07bc 94.790 ± 3.42bd 0.732 ± 0.01ab 

PH5C 0.46 ± 0.06c 91.626 ± 1.23cd 0.759 ±0.09b  

 

4.4.5 Mucoadhesive strength of thermoreversible formulations 

The ex vivo mucoadhesion results (Figure 4.13) reveal significant differences in detachment forces, indicating 

varying mucoadhesive strengths among the four formulations. Formulations containing Carbopol (PC5TC and 

PC5C) exhibited significantly higher detachment forces compared to the HPMC-based counterparts (PH5TC 

and PH5C), indicating stronger adhesive interactions with the mucosal tissue. According to previous research, 

the superior mucoadhesive strength of Carbopol can be attributed to its higher molecular weight and greater 

capacity for hydrogen bonding. In contrast, HPMC, being non-ionic, exhibits weaker hydrogen bonding 

interactions with the mucosal membrane, which may explain its comparatively lower mucoadhesive 

performance (Dhawale et al., 2018).  

It has been reported that dosage forms with higher mucoadhesive strength, which reflects greater attractive 

forces to the mucosal surface, tend to exhibit higher cohesiveness (Bassi da Silva et al., 2018). In this study, 

PC5C demonstrated the highest mucoadhesive force (~3.2 N), which corresponded with its highest 

cohesiveness value, suggesting that a well-organized internal gel structure may enhance adhesive 

performance. Similarly, PC5TC exhibited slightly lower mucoadhesive force (~2.5 N) but maintained relatively 

high cohesiveness, reinforcing this correlation. In contrast, formulations PH5TC and PH5C showed the lowest 

detachment forces (~1.7–1.8 N), which were consistent with their lower cohesiveness values. These findings 
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indicate that reduced internal structural integrity may compromise both gel cohesion and mucoadhesive 

potential. 

 
Figure 4.13. Ex vivo mucoadhesion of in situ gel formulations measured as maximum detachment force (N) (n= 3; mean ± SD). 
Different letters (A, B, C) above the bars indicate statistically significant differences between formulations (p < 0.05), bars sharing 
the same letter indicate no significant difference. 

4.4.6 In-vitro drug release  

The in vitro release profiles of the optimized in situ gel formulations are depicted in Figure 4.14. Both polymer 

type and drug composition were found to influence the release behaviour of the developed thermosensitive 

in-situ gels. Carbopol-based in-situ gel formulations (PC5TC and PC5C) demonstrated slower cumulative drug 

release compared to HPMC-based counterparts (PH5TC and PH5C). At 240 minutes, PH5C (CBD-only, HPMC) 

showed the highest release (97.5%), followed by PH5TC (88.6%), while PC5TC and PC5C reached 61.1% and 

50.6%, respectively. Previous studies have demonstrated that although both Carbopol and HPMC help 

facilitate sustained release of drugs, release from Carbopol-based gels are slower than HPMC-based gels likely 

due to their higher viscosity, which can impede drug diffusion by forming a denser gel matrix (E. D. Özyılmaz 

et al., 2024). Furthermore, formulations containing both CBD and THC (PC5TC and PH5TC) exhibited slower 

release than their respective CBD-only variants (PC5C and PH5C), suggesting that the simultaneous presence 

of both cannabinoids impedes diffusion. This reduced release could be attributed to increased formulation 

viscosity, a factor previously highlighted by Ali and Al-Shohani (2024) and Zema et al. (2007), who reported 

that higher viscosity can limit drug mobility within gel matrices. Minimal release was observed from the 

carrier oils of CBD and THC alone. Further examination of individual cannabinoid release from Formulations 

PC5TC and PH5TC (Figure 4.14 (B) and (C)) revealed that both CBD and THC were released at similar rates 

from each gel, though CBD exhibited slightly higher cumulative release in both formulations. All formulations 

demonstrated an initial lag time of 30 minutes, which may be attributed to the time required for drug diffusion 

through the gel matrix, dissociation from cyclodextrin complexes, and subsequent partitioning into and across 



89 
 

the membrane before reaching the receptor compartment. This is expected be minimal or absent in vivo, 

where continuous salivary flow, and intimate contact with the buccal mucosa has the potential to accelerate 

gel hydration, network relaxation, and drug diffusion, allowing faster onset of release. Sundararaj et al. (2016) 

confirm that in vivo conditions for formulations yield different release rates than in vitro, with initial drug 

release faster and total gel erosion prolonged. 

 
Figure 4.14. In vitro release profiles of cannabinoid-loaded thermosensitive in-situ gel; (A) comparison of gel formulations with pure 
CBD and THC distillates, (B) individual release profiles of CBD and THC from PC5TC, (C) individual release profiles of CBD and THC 
from PH5TC (n = 3; mean ± SD). 

To elucidate the release mechanisms of cannabinoids from the in-situ gel formulations, drug release data 

were fitted to various kinetic models, including zero-order, first-order, Higuchi, Korsmeyer–Peppas, and 

Hixson–Crowell models, as shown in table below. The best fit was observed with the zero-order model 

across most formulations, with high correlation coefficients (R² > 0.99) for both CBD and THC in 

formulations, PC5TC and PH5TC, indicating a constant release rate independent of concentration. 

Abdeltawab et al. (2020) reported that several studies have demonstrated poloxamer-based in-situ gels to 

predominantly follow zero-order release kinetics. The Korsmeyer–Peppas model also showed good 

correlation in CBD-only formulations, indicating possible anomalous transport mechanisms. The release of 
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THC is likely governed by multiple mechanisms, including matrix interactions, partitioning into hydrophobic 

domains, and cyclodextrin dissociation, which are not adequately described by the Korsmeyer–Peppas 

model. 

Table 4.10. Correlation coefficients (R²) for various kinetic models applied to in vitro drug release data from cannabinoid-loaded in-
situ gel formulations. 

Formulations Zero- order First order Higuchi  Korsmeyer-Peppas Hixon-Crowell 

 

R2 

PC5TC-CBD 0.9957 0.6177 -0.209 0.9515 0.8374 

PC5TC-THC 0.9979 0.2714 -0.7542 0.6772 0.7824 

PC5C-CBD 0.9665 0.6489 -0.0439 0.8644 0.7886 

PH5TC-CBD 0.998 0.5395 -0.2734 0.9265 0.8318 

PH5TC-THC 0.9979 0.2694 -0.7535 0.6727 0.7828 

PH5C-CBD 0.9443 0.5639 -0.0778 0.907 0.7425 

 

4.4.7 FTIR of optimized thermoresponsive formulations 

FTIR spectroscopy was employed to characterise molecular interactions within the cannabinoid-loaded 

mucoadhesive hydrogels and confirm inclusion complex formation (Figure 4.15). All formulations exhibited 

broad absorption bands around 3400-3500 cm⁻¹, characteristic of OH stretching from P407 (Figure 19 (A)) 

hydroxyl groups, incorporated water molecules, and hydrogen bonding between mucoadhesive polymers and 

other components (Yasser et al., 2019). Strong peaks at approximately 2850 and 2950 cm⁻¹ corresponded to 

symmetric and asymmetric C-H stretching from P407's polyoxypropylene chains (Kevin Garala et al., 2013; 

Yasser et al., 2019), cannabinoid alkyl groups from the CBD-HP-β-CD complex (Figure 19 (D)) and the THC-HP-

β-CD complex (Figure 19 (E)) (H. Li et al., 2021; Patil & Pandey, 2024; Upadhye et al., 2010). The characteristic 

peaks of the inclusion complexes indicated successful encapsulation of the cannabinoids within the 

cyclodextrin cavities. Prominent peaks were observed around 1650 cm⁻¹ and 1450 cm⁻¹ in all formulations, 

confirming the presence of the polymer matrix and successful integration of all formulation components. 

Formulations containing Poloxamer 407, HPMC, or Carbopol displayed typical polymeric peaks, including 

broad O–H stretching (3200–3400 cm⁻¹), C–H stretching (2850–2950 cm⁻¹), and strong ether (C–O–C) 

vibrations between 1000–1300 cm⁻¹ (Furqan et al., 2017; Mahmood et al., 2023; Yasser et al., 2019). Upon 

incorporation of the drugs into the gel matrices (all formulations), the characteristic peaks of CBD and THC 

remained visible without significant shifts or disappearance, indicating the absence of major chemical 
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interactions. Furthermore, no new peaks were observed in the gel spectra, suggesting that the drug was 

physically entrapped within the polymeric matrix rather than chemically bonded. 

These findings support the chemical compatibility of CBD and THC with the chosen excipients, confirming the 

stability of the drugs within the in-situ gel formulations and validating the suitability of the system for buccal 

or mucosal drug delivery. 

 

 
Figure 4.15. FTIR spectra of (a) Poloxamer 407, (b) Carbopol, (c) CBD, (d) HPMC, (e) THC, (f) blank Carbopol in situ gel, (g) blank 
HPMC in situ gel, (h) PC5TC, (i) PC5C, (j) PHCTC, and (k) PH5C. 
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4.4.8 SEM of thermoresponsive in situ gels 

Scanning Electron Microscopy (SEM) was employed to assess the surface morphology of the freeze-dried in 

situ gel formulations prepared with 20% w/v Poloxamer 407 and either 0.5% Carbopol 934P (PC5TC and PC5C) 

or 0.5% HPMC (PH5TC and PH5C) as the mucoadhesive polymer, highlighted in Figure 4.16. No separation 

between the drug inclusion complexes and polymers was observed indicating successful incorporation of the 

drugs into the in-situ gels. Similar results were observed by Santos Akkari et al. (2016) when incorporating a 

drug complexed with HP-β-CD into poloxamer gels. Formulations with both CBD and THC (PC5TC and PH5TC) 

exhibited the smoothest and most organized surface morphology. In contrast, formulations with only CBD 

(PC5C and PH5C) displayed a more irregular and textured surface, indicating that the absence of THC 

compromised the structural integrity of the gel matrix. These observations suggest that the inclusion of THC 

contributes to the formation of a more cohesive and uniform microstructure, likely due to synergistic 

interactions between the cannabinoids and the polymeric matrix. 

 

 

 

 

 

 

 

 

 

 

Figure 4.16. SEM captured at a magnification of ×5,000 with a scale bar representing 10 µm of optimized in-situ gels (A) PC5TC, (B) 
PC5C, (C) PH5TC, and (D) PH5C. 

4.4.9 Ex vivo drug penetration 
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Figure 4.17. Ex-vivo penetration profiles of (A) Total cannabinoids from in-situ gelling formulations, (B) Individual permeation 
profiles of CBD and THC compared to pure CBD and THC distillate (n = 3; mean ± SD). Statistically significant differences are denoted 
as *p < 0.05 and **p < 0.01, ***p < 0.001, ****p < 0.0001. 

The ex-vivo penetration study, as shown in Figure 4.17 (A), revealed that all thermosensitive in-situ gel 

formulations significantly improved the transmembrane delivery of cannabinoids within 2 hours. In contrast 

as shown in Figure 4.17 (B), pure CBD and THC distillate showed minimal penetration (<0.5 mg/cm²) into the 

porcine buccal mucosa. Among the formulations, PH5C (CBD-only, HPMC-based) exhibited the highest 

penetration (11.6 mg/cm²), followed by PH5TC (CBD and THC, HPMC-based) and PC5C (CBD-only, Carbopol-

based), both achieving around 10 mg/cm². PC5TC (CBD and THC, Carbopol-based) showed slightly lower 

penetration (~9.6 mg/cm²). This suggests that HPMC-based gels were slightly more effective than Carbopol-

based formulations in promoting drug permeation. This outcome aligns with previous findings that suggest 

the less cross-linked, more hydrophilic structure of HPMC forms a more permissive matrix for drug diffusion, 

particularly for solubilized or complexed molecules. In contrast, Carbopol’s rigid and highly cross-linked gel 

network is known to restrict molecular mobility due to its tighter polymeric mesh, and its increased 

mucoadhesive strength improves residence time on the mucosal surface, providing sustained release effects 

(Ali & Al-Shohani, 2024; Mohammad Hamdi, Azmi, Sabari, et al., 2023; Zema et al., 2007).  

When the permeation of individual cannabinoids was assessed (Figure 4.17 (B)), CBD permeated at higher 

concentrations than THC in both PC5TC and PH5TC formulations. THC’s higher lipophilicity increases its 

affinity for the hydrophobic regions of the gel matrix, effectively reducing its free concentration and diffusion 

rate compared to CBD. Previous research has shown CBD to exhibit substantially higher permeability than 

THC in transdermal and mucosal systems. In vitro studies using human skin reported CBD permeability to be 

roughly 10 times greater than that of Δ⁹-THC, attributed to its higher polarity and lower lipophilicity (C. J. 

Lucas et al., 2018; Varadi et al., 2023). The negligible permeation observed for unformulated CBD and THC 

emphasizes the need for formulation approaches that enhance solubility and diffusion, particularly for 

mucosal drug delivery systems. These results collectively demonstrate that both polymer type and drug 

composition strongly influence ex-vivo permeation, with CBD favouring better diffusion across the membrane 

compared to THC. 

4.4.10 Stability studies 

Table 4.11. Long-term Stability Profile of Cannabinoid-Loaded In-Situ Gels: pH, Appearance, Drug Content, and Gelling Capacity 
Over 6 Months at 4°C. Gelling capacity: +++ indicates excellent gel formation (n = 3; mean ± SD).  

Formulation pH Appearance Drug content 
% drug remaining  

Gelling capacity 

1m 3m 6m 1m 3m 6m 1m 3m 6m 1m 3m 6m 

PC5TC 6.43± 
0.02 

6.32± 
0.10 

6.31± 
0.2 

Cream 
coloured 

Cream 
coloured 

Cream 
coloured 

CBD 
96.83± 
0.19 
THC 
90.48± 
0.23 

CBD 
95.41± 
0.54 
THC 
90.99± 
0.48 

CBD 
78.38± 
0.73 
THC 
60.38± 
0.92 

+++ +++ +++ 
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PC5C 6.72± 
0.09 

6.43± 
0.02 

6.40± 
0.01 

Cream 
coloured 

Cream 
coloured 

Cream 
coloured 

CBD 
95.23± 
0.34 

CBD 
94.50± 
0.38 

CBD 
76.84± 
0.33 

+++ +++ +++ 

PH5TC 6.70± 
0.11 

6.54± 
0.01 

6.50± 
0.08 

Cream 
coloured 

Cream 
coloured 

Cream 
coloured 

CBD 
94.39± 
0.45 
THC 
85.64± 
0.33 

CBD 
93.31± 
0.33 
THC 
84.86± 
0.023 

CBD 
70.32± 
0.11 
THC 
58.38± 
0.59 

+++ +++ +++ 

PH5C 6.94± 
0.01 

6.77± 
0.13 

6.61± 
0.02 

Cream 
coloured 

Cream 
coloured 

Cream 
coloured 

CBD 
94.93± 
0.48 

CBD 
92.34± 
0.58 

CBD 
72.38± 
0.33 

+++ +++ +++ 

 

Stability studies were performed by storing the in-situ gels developed at 4 °C. Previous studies have shown 

that refrigerated conditions maintain rheological stability and preserves the integrity of cannabinoids. 

Furthermore, storage of thermosensitive in-situ gels at elevated temperatures have shown to trigger 

premature gelation, while prolonged storage at room temperature can cause shifts in sol–gel transition 

temperature, changes in viscosity, and altered drug release profiles (Akash et al., 2014; Chen et al., 2021). The 

stability data (Table 4.11) reveals several important trends across the four gel formulations over the 6-month 

storage period. All formulations demonstrated excellent physical stability, maintaining their cream-coloured 

appearance and optimal gelling capacity (+++) throughout the entire study duration, indicating formulation 

integrity regardless of polymer type or drug composition. Figure 4.18 highlights the formulation integrity after 

6 months.  

 

 

 

 

 

Figure 4.18. Appearance of formulations after 6 months (A) PC5TC, (B) PC5C, (C) PH5TC, and (D) PH5C. 

Across all formulations, the pH values remained relatively stable and within the acceptable mucosal pH range 

(approximately 6.3–6.9), ensuring compatibility with the buccal environment and avoiding mucosal irritation. 

Visually, all formulations retained their cream colouration with no evidence of precipitation, phase 

separation, or discolouration, indicating good physical stability throughout the storage period. P407 based 

formulations generally show good stability (Giuliano et al., 2018). This was confirmed when the gelling 

capacity of the formulations was maintained as strong (+++), suggesting that both the thermoresponsive 

behaviour of P407 and the secondary polymers (Carbopol or HPMC) remained intact, with no major 

degradation or loss of gelation efficiency.  

Drug content stability revealed significant differences between formulations. All formulations showed good 

drug retention up to 3 months of storage. PC5TC showed superior drug retention compared with other 

formulations, maintaining 96.83% and 90.48% of CBD and THC respectively at 1 month, with values declining 

A 
B 

C 

D A C 
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to 78.38% and 60.38% at 6 months. PC5C demonstrated comparable CBD stability (95.23% to 76.84%), while 

PH5TC and PH5C showed lower overall drug retention, with PH5TC particularly affected in THC stability 

(85.64% to 58.38%). Notably, THC consistently showed greater degradation than CBD across all formulations, 

and the dual drug formulations (PC5TC, PH5TC) generally exhibited lower drug stability compared to their 

CBD-only counterparts (PC5C, PH5C), suggesting potential drug-drug interactions or competitive degradation 

pathways. Both the cannabinoids are prone to degradation. Literature reports have shown significant 

instability in aqueous systems, with CBD experiencing up to 60% degradation within 7 days at 5°C and THC 

displaying even greater susceptibility to degradation. Oxidation of THC in the absence of light has been shown 

to result in the formation of CBD (Fairbairn et al., 1976; Fraguas Sánchez et al., 2020). However, inclusion 

complexation with cyclodextrins has been demonstrated to enhance cannabinoid stability by reducing 

exposure to environmental degradation factors (H. Li et al., 2021; A. Ribeiro et al., 2024).  

Furthermore, Carbopol-based formulations demonstrated superior drug stability compared to HPMC 

formulations, likely due to better drug-polymer interactions and enhanced protection against degradation. 

This is supported by previous research which have identified poloxamer combined with HPMC to have lower 

stability (Giuliano et al., 2018). 

4.5 Conclusions 

This study successfully developed, optimized, and characterised thermosensitive mucoadhesive in-situ gel 

formulations for the buccal delivery of cannabinoids using P407 in combination with either Carbopol 934P or 

HPMC as mucoadhesive polymers. The main aim of this study was to design a drug delivery system capable 

of achieving sustained and controlled cannabinoid release at the buccal site, improving bioavailability and 

patient compliance while minimizing first-pass metabolism. 

Initial formulation screening established that P407 concentrations of 18–22% w/v were suitable for achieving 

sol–gel transitions within the physiological temperature range. The incorporation of mucoadhesive polymers 

altered the gelation temperature and viscosity profile, necessitating further optimization through factorial 

design. The statistical models revealed that both polymer type and concentration, in combination with 

Poloxamer, significantly influenced viscosity at room and physiological temperatures and gelation time. 

Carbopol-based systems consistently exhibited higher viscosities and slower gelation, while HPMC-based 

systems transitioned more rapidly at 37°C. 

Optimized formulations containing CBD alone (PC5C, PH5C) and CBD with THC (PC5TC, PH5TC) were 

successfully prepared using hydroxypropyl-β-cyclodextrin inclusion complexes. These gels demonstrated 

appropriate pH, appearance, and uniform drug content. Temperature-dependent viscosity analysis confirmed 

their thermoresponsive behaviour, while sol–gel transition times were inversely related to viscosity. 

Mechanical analysis showed that Carbopol-based formulations possessed superior hardness and springiness, 

while CBD-only formulations demonstrated higher cohesiveness. Mucoadhesion testing confirmed stronger 
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adhesive forces in Carbopol-based gels, particularly in PC5C, supporting their potential for prolonged buccal 

retention. 

In-vitro release studies indicated that HPMC-based gels released cannabinoids more rapidly than Carbopol 

counterparts, with CBD-only systems outperforming those containing both CBD and THC. Ex vivo penetration 

studies further supported this, revealing significantly enhanced transmucosal penetration from all in-situ gel 

formulations relative to pure cannabinoid distillates. Notably, CBD penetrated more efficiently than THC, likely 

due to its greater aqueous solubility and less extensive interaction with the gel matrix. Drug release data 

followed zero-order kinetics, indicating a consistent and sustained release profile over time. 

FTIR spectroscopy confirmed physical encapsulation of cannabinoids within the gels and absence of chemical 

interactions or degradation. SEM images supported the integrity of drug-polymer matrices, showing 

smoother and more homogeneous surfaces in formulations. Long-term stability testing over six months 

demonstrated that all formulations maintained acceptable pH, appearance, gelling ability, and physical 

integrity. Drug retention was excellent for up to 3 months in storage for all the formulations. However, 

degradation of cannabinoids, particularly THC, was more pronounced in HPMC-based formulations after 6 

months. Carbopol-based formulations showed superior retention of both cannabinoids. 

In conclusion, thermosensitive in-situ gels based on P407 with Carbopol or HPMC provide a promising 

platform for the buccal delivery of cannabinoids. The choice of polymer and drug composition substantially 

influenced formulation performance. Among the tested systems, PC5C (P407 with Carbopol and CBD) 

emerged as the most promising, combining optimal mucoadhesion, structural integrity, controlled release, 

enhanced mucosal permeation, and stability. The findings in this chapter offer a strong foundation for further 

preclinical and clinical development of non-invasive cannabinoid delivery systems targeting mucosal routes. 
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4. Chapter 5: Mucoadhesive Ion-Responsive In-Situ Gels for 

Buccal Drug Delivery of Cannabinoids 
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Abstract 

Ion-induced in-situ gels are stimuli-responsive systems that undergo sol-to-gel transformation upon contact 

with physiological ions, offering a non-invasive platform for mucosal drug delivery. These gels exploit 

interactions with endogenous cations such as Ca²⁺ and K⁺ to form three-dimensional networks that sustain 

drug release and prolong mucosal residence. Anionic polysaccharides, including gellan gum and κ/ι-

carrageenans, are particularly suitable due to their biocompatibility, ion-responsive gelation, and tuneable 

mechanical and mucoadhesive properties. This study aims to develop in-situ gels using gellan gum, κ-

carrageenan, and mixture of κ/ι-carrageenans, incorporated with inclusion complexes of cannabinoids and 

hydroxypropyl-β-cyclodextrin (HP-β-CD) to enhance solubility and either Carbopol or HPMC to improve 

mucoadhesion. Formulations were characterised for gelation, rheology, mechanical strength, mucoadhesive 

strength, drug release, ex vivo buccal penetration of cannabinoids, and stability. Carbopol-based gels 

exhibited rapid gelation, higher viscosity, and superior mechanical and mucoadhesive properties, whereas 

HPMC-based gels facilitated faster cannabinoid release and higher penetration due to less dense networks. 

Mixed κ/ι-carrageenan systems provided an optimal balance of rigidity, elasticity, and mucoadhesive strength. 

Stability studies confirmed sustained gelation and pH maintenance, with cannabinoid degradation observed. 

Freeze-drying of Carbopol-based in situ gels preserved gelation properties and mucoadhesive strength upon 

rehydration, while improving long-term cannabinoid stability, demonstrating the feasibility of solid-state 

storage for enhanced shelf-life. Overall, Carbopol-based mixed κ/ι-carrageenan gels emerged as the most 

promising candidates for buccal cannabinoid delivery, offering controlled release, prolonged mucosal 

residence, and enhanced mucoadhesive strength. These findings highlight the potential of ion-activated in-

situ gels as a patient-friendly platform for effective mucosal delivery of lipophilic therapeutics. 
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5.1 Introduction 

Ion induced in-situ gels, which are a type of physiologically stimulated in-situ gelling formulations, undergo a 

solution-to-gel transformation in the presence of ions. These in-situ gels stand out for their high 

responsiveness, formulation simplicity, and compatibility with biological environments. These systems exploit 

ionic interactions with endogenous ions present in bodily fluids (e.g., Ca²⁺, Na⁺, K⁺, Mg²⁺) to induce gel 

formation. Such stimuli are especially abundant in oral, nasal, ocular, and gastrointestinal mucosa, making 

ion-induced gelling systems particularly suitable for non-invasive local and systemic drug delivery via mucosal 

routes. Ion-induced gels are typically formulated using anionic natural polymers that are sensitive to ionic 

crosslinking. Examples of such polymers include alginate, gellan gum, pectin, carrageenan, and xanthan gum. 

Their carboxylate or sulfate functional groups facilitate strong electrostatic interactions with cations, leading 

to rapid formation of a three-dimensional gel matrix upon contact with physiological fluids. The concentration 

and the type of ion used in combination with specific polymers influences gelling rate and extent of the 

formulations developed (Karavasili & Fatouros, 2016; Kolawole & Cook, 2023). In this study, gellan gum and 

carrageenans (kappa- and iota-types) are selected for the development of buccal in-situ gel formulations of 

cannabinoids due to their well-established ion-responsive gelling behaviour, mucosal compatibility, and 

regulatory acceptance. 

Gellan gum is a linear anionic polysaccharide produced by the bacterium Sphingomonas elodea and is one of 

the most versatile polymers employed in in-situ gelling systems. Its gelation can be triggered by various 

stimuli, including pH, temperature, or ionic interactions. In response to temperature changes, gellan gum 

exhibits a reversible sol-to-gel transition. When dispersed in water at lower temperatures, polymer chains 

align and form double helices through van der Waals forces and hydrogen bonding, eventually leading to gel 

formation. Conversely, increasing the temperature disrupts these interactions, converting the gel back into a 

random coil configuration, thus returning to the sol state. This polymer also forms strong, brittle gels under 

acidic conditions, while at higher pH, it yields softer, more deformable gels due to reduced electrostatic 

repulsion between negatively charged carboxylate groups. The pH-dependent gel properties are attributed 

to the ionization state of the polymer, which influences intermolecular interactions and the overall rigidity of 

the gel network (Cassanelli, Prosapio, et al., 2018; Karavasili & Fatouros, 2016; Salunke & Patil, 2016).  

Gellan gum exists in a random coil conformation in aqueous solution but can undergo ion induced gelation 

upon the introduction of monovalent or divalent cations. These cations serve as crosslinking agents, 

promoting the alignment of polymer chains into stable double helices and facilitating the formation of a 

three-dimensional gel network (Gomes et al., 2023; Salunke & Patil, 2016). The strength and mechanical 

properties of the resulting gels are strongly influenced by both the type and concentration of cations present, 

with divalent cations such as calcium capable of bridging directly between adjacent helices, thereby 

producing more rigid and robust gel matrices compared to monovalent ions (Coutinho et al., 2010). 

Complexing agents are added to gellan gum solutions in ion-induced formulations to control gelation, 
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enhance stability, and improve gel quality. By binding divalent cations like calcium or magnesium, agents such 

as sodium citrate or EDTA prevent premature gelation, ensuring uniform dispersion of gellan gum molecules. 

This results in smoother, more consistent gel textures and allows precise tuning of gel strength and elasticity. 

Complexing agents also stabilize solutions during processing, prevent aggregation, and facilitate handling by 

delaying gel formation until desired conditions, such as cooling or ion release, are achieved. This is particularly 

valuable in food, pharmaceutical, and cosmetic applications where consistent gel properties are critical 

(Morris et al., 2012).  

Mucosal routes offer a non-invasive and effective pathway for both local and systemic drug delivery. Gellan 

gum-based ion-activated in-situ gels have been investigated for systemic drug delivery via the mucosal routes. 

For example, nasal formulations of scopolamine hydrobromide and other drugs have shown successful 

systemic absorption and therapeutic efficacy. These gels benefit from the rapid gelation and mucoadhesion 

provided by gellan gum, resisting mucociliary clearance and allowing prolonged drug release and absorption 

(Cao et al., 2007; Chen et al., 2020; Qian et al., 2025). Recent research has increasingly focused on the 

application of gellan gum-based ion-activated in-situ gels for buccal drug delivery, especially for the local 

treatment of oral conditions such as candidiasis, periodontal disease, and mucosal inflammation (Elmowafy 

et al., 2019; Garcia et al., 2024; Mahdi et al., 2014; Raja Kumar et al., 2011; Wojtyłko et al., 2024). These 

formulations offer several advantages, including improved patient compliance, ease of administration, and 

the ability to maintain therapeutic drug levels at the site of absorption. While the potential of these gels for 

systemic delivery via the buccal mucosa is considerable, particularly for lipophilic and poorly bioavailable 

drugs like cannabinoids, research in this area remains relatively limited. 

Carrageenans are a family of natural, water-soluble sulfated polysaccharides extracted from red seaweeds 

(Rhodophyceae) and are recognized as safe by the US FDA. They are composed of alternating galactose units 

and 3,6-anhydrogalactose, with varying degrees of sulfation that determine their classification into three 

main types: kappa (κ-), iota (ι-), and lambda (λ-) carrageenan. Among these, κ- and ι-carrageenans are of 

particular interest in pharmaceutical applications due to their ion-sensitive gelling properties (Pacheco-Quito 

et al., 2020). The primary mechanism of gel formation in carrageenan in situ gels is driven by ionic 

interactions, particularly with monovalent or divalent cations such as potassium (K⁺) or calcium (Ca²⁺) present 

in physiological fluids. Kappa-carrageenan forms strong, rigid gels in the presence of potassium ions, while 

iota-carrageenan forms softer, more elastic gels with calcium ions. The sulfate groups on carrageenan chains 

interact with these cations, inducing a conformational change from a random coil to a double-helix structure, 

followed by helix aggregation, which creates a robust gel network. For instance, when carrageenan is 

administered in a liquid form for mucosal delivery, exposure to ions in bodily fluids triggers gelation, ensuring 

prolonged drug retention at the site (Liu et al., 2015). The gelation process results in a three-dimensional 

network that encapsulates therapeutic agents, controlling their release through diffusion or gel degradation. 

The liquid state of carrageenan in situ gels allows for easy administration via injection, sprays, or drops, while 



101 
 

the subsequent gelation at the target site ensures prolonged drug release. The structure of the gel, which 

depends on the type of carrageenan used and the ions that help form the gel, affects how fast or slow the 

drug is released (Necas & Bartosikova, 2013). 

Carrageenan-based in situ gels are widely explored for mucosal drug delivery due to their biocompatibility, 

mucoadhesive properties, and ability to form gels in response to physiological stimuli like ions or temperature. 

These gels are particularly suited for delivering drugs to mucosal surfaces where they enhance drug retention, 

improve bioavailability, and provide controlled release. Such gels are effective for buccal drug delivery, 

providing prolonged contact with the buccal mucosa for local or systemic drug administration (Jabeen et al., 

2025; Pacheco-Quito et al., 2020). Ion activated in situ gels of carrageenan’s have been developed to treat 

oral conditions such as mucositis, gingivitis, or periodontal disease by delivering drugs for sustained drug 

release at the mucosa, maximizing local therapeutic effects (B. Vigani, A. Faccendini, et al., 2019). They have 

also been employed for systemic delivery of drugs. Li et al. (2020) developed a bupivacaine-loaded 

carrageenan-based in situ gel with poloxamer and Carbopol, which gelled in response to salivary ions, 

achieving enhanced mucoadhesion and sustained systemic release for pain management in oral mucositis, 

with improved bioavailability compared to oral routes. Similarly, Kianfar et al. (2013) formulated lyophilized 

carrageenan-poloxamer wafers loaded with paracetamol and ibuprofen, which converted to gels upon 

contact with saliva, achieving gradual systemic release over 2 hours, suitable for both soluble and insoluble 

drugs. Additionally, Kianfar et al. (2013) reported carrageenan-based films with indomethacin, where ion-

induced gelation ensured sustained systemic release, ideal for chronic conditions requiring prolonged 

absorption.  

As seen from previous literature, gellan gum and carrageenans have demonstrated considerable potential as 

ion-responsive polymers for mucosal drug delivery due to their biocompatibility, ability to undergo gelation 

in the presence of physiological ions, and capacity to sustain drug release. Their distinct gelation mechanisms 

and mechanical profiles make them suitable for tailoring in situ formulations specifically for the buccal 

environment. Building on this foundation, this chapter aims to develop ion-activated in situ gels for buccal 

delivery of cannabinoids, using gellan gum or κ- or ι-carrageenans as the primary gelling agents. To overcome 

the poor aqueous solubility, hydroxypropyl-β-cyclodextrin (HP-β-CD) inclusion complexes will be incorporated 

to enhance drug solubilization and stability, and mucosal penetration of cannabinoids will be enhanced by 

using previously determined combination of terpenes (3.125% 1,8-cineole, 0.625% d-limonene, 0.625% L-

menthol, and 0.625% α-pinene). Additionally, either Carbopol or hydroxypropyl methylcellulose (HPMC) will 

be included as mucoadhesive polymers to improve adhesion to the buccal mucosa, prolong residence time, 

and support controlled drug release. This formulation strategy is expected to enhance the bioavailability of 

cannabinoids and provide a non-invasive, patient-friendly platform for effective delivery. 
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5.2 Materials and methods 

Gellan gum, kappa-carrageenan, iota-carrageenan, and hydroxypropyl methyl cellulose (HPMC) were 

purchased from Sigma-Aldrich, New Zealand. Sodium citrate dihydrate from Fisher Scientific, Carbopol 934P 

(Serva) from DKSH LabShop, New Zealand, D-Limonene from Thermo Fisher, New Zealand, 1,8- cineole, α-

Pinene from Sigma-Aldrich, New Zealand, laurocapram 95% from AK Scientific, and l-Menthol from Chem 

express supplied by Focus Bioscience, Australia. Phosphate buffered saline (PBS) tablets (pH 7.4), Tween-20%, 

β-CD, HP-β-CD, acetonitrile, and Bovine Serum Albumin (BSA) were purchased from Sigma-Aldrich, New 

Zealand. Pure isolated CBD and distilled oil of THC were provided by Helius Therapeutics Ltd, New Zealand. 

All other reagents used were of analytic grade.  

Artificial saliva (AS) (pH 6.8) was prepared by dissolving 1.5% w/v potassium chloride (KCl), 0.43% w/v sodium 

chloride (NaCl), 0.22% w/v calcium chloride (CaCl₂), 0.42% w/v sodium bicarbonate (NaHCO₃), and an 

appropriate amount of sodium dihydrogen phosphate monohydrate (NaH₂PO₄·H₂O) in distilled water (B. 

Vigani, S. Rossi, et al., 2019). 

5.2.1 Preparation and optimizations of ion induced in-situ gels. 

5.2.1.1 Preparation and preliminary optimizations of cannabinoid loaded in-situ gels with gellan gum. 

Preliminary Studies  

Preliminary studies were carried out to determine the optimal concentration range of gellan gum and the 

required amount of calcium chloride necessary to facilitate ion induced gelation. Gellan gum was added to 

0.15% w/v sodium citrate solutions and heated to 90°C under continuous stirring until fully dissolved. Various 

concentrations (0.1–0.5% w/v) of gellan gum were prepared and allowed to cool before different 

concentrations (0.06 to 0.1% w/v) of calcium chloride were introduced. Visual appearance and fluidity at 

room temperature were examined. To assess gelation behaviour, 0.5 ml of artificial saliva at 37°C, mimicking 

buccal conditions, was added to 1 ml of the prepared solutions with magnetic stirring. The onset of gelation 

was identified as the moment when the magnetic stir bar ceased rotating, indicating the transition of the 

formulation from a liquid to a semi solid state. Observations were made regarding gelling capacity, and 

gelation time. Gelling capacity was evaluated qualitatively. A score of (+) denoted weak or unstable gel 

formation that dispersed quickly; ++ indicated rapid gelation with the formation of a soft gel that retained its 

structure for a short duration typically less than 30 minutes; and +++ corresponded to immediate gelation 

with the formation of rigid gels. These observations were used to select the most suitable concentrations of 

gellan gum and calcium chloride for further formulation development (Belgamwar et al., 2009; Mahajan & 

Gattani, 2010).  
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Preparation of the in-situ gels 

The in-situ gelling solutions were prepared by adding gellan gum and either HPMC or Carbopol, into a 0.15% 

w/v sodium citrate solution with continuous stirring at 90°C. After the polymers were fully dispersed, the 

solution was cooled to below 40°C. At this stage, calcium chloride and the cannabinoid, either CBD alone or 

a combination of CBD and THC in the form of inclusion complexes with HP-β-CD, were introduced into the 

solution at a final concentration of 20 mg/ml. The solution was subjected to continuous agitation using a 

magnetic stirrer to promote homogenous mixing of all constituents. Additional excipients, including 

sweetener 2% (w/v) mannitol, 0.05% (w/v) preservative propyl paraben, and natural permeation enhancer 

terpene combination (3.125% 1,8-cineole, 0.625% d-limonene, 0.625% L-menthol, and 0.625% α-pinene, as 

previously determined) were added and the mixture was stirred until all components were fully dissolved. 

The pH of the developed formulations was adjusted to 6.4 using triethanolamine. The resulting formulation 

was cooled to room temperature and stored at 4°C for further characterization (Harish et al., 2009; Xu et al., 

2014). 

5.2.1.2 Preparation and preliminary optimizations of cannabinoid loaded in-situ gels with carrageenan’s. 

Preliminary studies  

Preliminary optimization studies were conducted to determine the optimal concentration κ-CG, ι-CG, and 

their combination (0.1 to 0.5% w/v), along with KCl and CaCl₂ (0.06 to 0.1% w/v), for ion-induced in situ 

gelation suitable for buccal applications. κ-CG and ι-CG were individually dispersed in distilled water, heated 

to 80°C, and stirred at 150 rpm until fully dissolved. After cooling to 40°C, KCl was added to κ-CG solutions 

and CaCl₂ to ι-CG solutions, with stirring until dissolution. Combined κ-CG/ι-CG solutions (0.3% w/v total) 

were prepared similarly with KCl added to the solutions. Visual appearance and fluidity at room temperature 

were examined. Gelation was assessed by adding 0.5 ml artificial saliva to 1 ml of the prepared solutions and 

gelling capacity was identified as described above (section 5.2.1.1). 

Preparation of in-situ gels 

Either κ-CG or a mixture of both κ-CG and ι-CG was dispersed in distilled water heated to 80°C and subjected 

to gentle magnetic stirring at 150 rpm until fully dissolved. After complete solubilization, solution was cooled 

below 40°C. HPMC or Carbopol was added, and the mixture was stirred continuously for 2 hours. 

Cannabinoids (CBD only or CBD and THC in 1:1) encapsulated in HP-β-CD inclusion complexes were then 

incorporated into the κ-CG or mixture of κ-CG and ι-CG polymer solution at a final concentration of 20 mg/ml. 

Finally, potassium chloride (KCl) was added to induce in situ gelation, with stirring maintained until the salt 

was completely dissolved. Additional excipients, including sweetener 2% (w/v) mannitol, 0.05% (w/v) 

preservative propyl paraben, and natural permeation enhancer terpene combination (3.125% 1,8-cineole, 

0.625% d-limonene, 0.625% L-menthol, and 0.625% α-pinene, as previously determined) were added and the 

mixture was stirred until all components were fully dissolved. The pH of the developed formulations was 



104 
 

adjusted to 6.4 using triethanolamine. The resulting formulation was cooled to room temperature and stored 

at 4°C for further characterization (Thrimawithana et al., 2011; B. Vigani, S. Rossi, et al., 2019). 

5.2.1.3 Design of experiments approach for optimizing ion responsive in situ gels 

To optimize the formulation parameters of the ion activated in situ gels, a Box Behnken experimental design 

was employed. This response surface methodology was selected due to its efficiency in exploring quadratic 

response surfaces and its ability to minimize the number of experimental runs without compromising 

statistical reliability. Three independent formulation variables were selected based on preliminary studies, 

concentration of gellan gum or carrageenan ranging from 0.1 to 0.3% w/v, concentration of calcium chloride 

or potassium chloride ranging from 0.06 to 0.08% w/v and concentration of mucoadhesive polymer (HPMC 

or Carbopol) ranging from 0.1 to 0.5% w/v. Each factor was studied at three levels (low, medium, and high), 

and a total of 15 experimental runs were generated by the design. The dependent variables evaluated in the 

study included the viscosity of the formulation at room temperature as an indicator of fluidity, the gelling 

capacity, and the gelation time. Gelling capacity was assessed on a three-point scale, with a score of 1 

representing a weak or unstable gel that dispersed quickly, 2 indicating a soft gel that formed rapidly but 

dissolved within a short time, and 3 corresponding to a firm gel with sustained structural integrity over an 

extended period. The coded levels of independent variables and the constraints applied to the dependent 

variables are summarized in Table 5.1. Optimized formulations were further subjected to physicochemical 

and mechanical characterizations. 

Table 5.1 Box Behnken design: variable levels and constraints. 

Independent variables 

 Levels 

 -1 0 +1 

Gellan gum/ κ-CG/κ-CG and ι-CG % (w/v) 

CaCl2/KCl % (w/v)                                                   

0.1 

0.06 

0.2 

0.07 

0.3 

0.08 

HPMC/Carbopol % (w/v) 0.1 0.3 0.5 

Dependent variables 

 Constrains 

Viscosity at room temperature (cps) Minimize 

Gelling capacity Maximize 

Gelation time (s) Minimize 
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5.2.2 Appearance, pH, and drug content of developed formulations 

The appearance, pH, and drug content of the optimized formulations were evaluated as described in Section 

4.2.2. Visual inspection was conducted to assess the clarity, uniformity, and absence of particulate matter in 

the formulations. The pH was measured using a using a calibrated bench-top pH meter (Interlab, NZ). Drug 

content was determined using high performance liquid chromatography to ensure accurate and consistent 

incorporation of the active compounds. 

5.2.3 Sol-gel transition time and viscosity of the optimized formulations 

Sol-gel transition time of the formulations were measured by tube inversion technique. Optimized solutions 

were transferred to a transparent test tube maintained at 37°C in a water bath to mimic buccal conditions. 

Gelation was initiated by adding 0.5 ml of artificial saliva. A stopwatch was started immediately, and the tube 

was gently inverted occasionally to assess flow behaviour. The sol-gel transition time was recorded as the 

duration (in seconds) from saliva addition until the formulation ceased to flow upon inversion, indicating 

complete gelation (Swain et al., 2019). 

Viscosity of the solutions before and after gelling were measured using a Brookfield RST-SST rheometer 

equipped with a rotating ramp measuring block. Viscosity values were recorded at a fixed shear rate of 100 s⁻¹. 

5.2.4 Mechanical properties of the ion induced in-situ gels. 

Mechanical properties of the optimized gels were determined using a texture analyser (Stable Micro Systems, 

UK) fitted with a 50 N load cell, as described previously in section 4.2.4. 

5.2.5 Mucoadhesive strength of the ion induced formulations. 

Mucoadhesive strength of the optimized ion activated gels were evaluated using freshly prepared porcine 

buccal mucosa, and using a texture analyser (Stable Micro Systems, UK). Method previously detailed in 

section 4.2.5. 

5.2.6 In-vitro drug release studies and drug release kinetics 

In-vitro drug release studies were conducted with a Franz diffusion cell apparatus (Orchid Scientific, India) 

equipped with dialysis membranes (MWCO 14,000 Da), and drug release kinetics was analysed using KinetDS 

software 3.0 (rev. 2010), with the procedure outlined earlier in section 4.2.6. 

5.2.7 Fourier Transform Infrared Spectroscopy (FTIR) of ion-induced formulations. 

FTIR of the optimized ion induced in situ gels were recorded using a Thermo Scientific FTIR spectrometer 

(Nicolet iS10, USA) using samples freeze dried with Christ alpha series freeze dryer (Osterode am Harz, 

Germany), as highlighted in section 4.2.7. 
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5.2.8 Scanning Electron Microscopy (SEM) of ion-induced formulations 

SEM of freeze dried in situ gels were coated with platinum using an ion sputter coater (Hitachi E-1045) and 

examined with a Schottky field emission scanning electron microscope (FE-SEM) (Thermo Scientific, HITACHI 

SU-70) in accordance with the method described in section 4.2.8.  

5.2.9 Ex-vivo drug penetration 

Ex-vivo penetration of cannabinoids from the optimized ion stimulated in situ gels was carried out using 

porcine buccal mucosa placed in the Franz diffusion cell apparatus ((Orchid Scientific, India), as outlined in 

the methodology section 3.2.5.3. The donor chamber was loaded with 1 mL of the optimized ion-induced in 

situ gel formulation containing (20 mg/ml of cannabinoids). Following application, 0.5 mL of artificial saliva 

was added to the donor compartment to initiate ion-triggered gelation at the mucosal interface. 

5.2.10 Stability studies 

Long term stability studies were carried out by incubating the ion induced gelling solutions at room 

temperature of 25°C. Samples were withdrawn periodically at 1, 3 and 6 months, and were assessed for 

changes in key physicochemical parameters, including pH, physical appearance (e.g., colour, clarity, presence 

of any precipitation or phase separation), drug content, and gelling capacity. 

5.2.10.1 Freeze dried in-situ gels. 

Carbopol-based ion-induced in situ gels were freeze-dried using Christ alpha series freeze dryer (Osterode 

am Harz, Germany) for 48 hours. The dried gels were stored at room temperature (25 °C) for six months. For 

rehydration, distilled water was added dropwise in a volume equivalent to the initial formulation volume 

prior to freeze-drying, after which the samples were evaluated for pH, drug content, and gelling capacity, 

followed by determination of their sol–gel transition behaviour using artificial saliva. 

5.3 Statistical analysis 

Experimental data were analysed using R programming and GraphPad Prism software (version 10.2.3). For 

datasets that satisfied the assumptions of normality and equal variances, statistical significance was evaluated 

using one way analysis of variance. When these assumptions were not met, the Kruskal Wallis test was applied 

as a non-parametric alternative. Where significant differences were observed, post hoc analyses were 

performed using Tukey’s multiple comparison test. A probability value of P < 0.05 was considered statistically 

significant. 
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5.4 Results and discussion 

5.4.1 Preliminary optimizations of ion-induced gels  

5.4.1.1 Optimizing concentration range of ion induced gelling polymers and salts. 

Preliminary optimization studies evaluated gellan gum (0.1–0.5% w/v) and κ-CG (0.1–0.5% w/v) with CaCl₂ 

(0.06–0.1% w/v) and KCl (0.06–0.1% w/v), respectively, for ion-induced in situ gelation. Spontaneous gelation 

occurred in the absence of artificial saliva when either the ion-responsive polymer concentration (≥ 0.5% w/v) 

or the corresponding salt concentration (≥ 0.1% w/v) exceeded critical thresholds, indicating that sufficient 

polymer or ionic content alone was capable of inducing gel formation. Results showing visual appearance, 

fluidity, gelling capacity, and time are highlighted in Table 5.2. Formulations containing ι-CG formed soft, 

crumbly gels upon artificial saliva addition, consistent with previous findings by Rungpetchanan et al. (2023) 

noting this behaviour when the ion induced gelling solutions were exposed to ionic environments. Therefore, 

a combination of ι-CG and κ-CG in varying ratios at a total polymer concentration of 0.3% w/v was selected 

for further optimization. 

All formulations of gellan gum (0.1–0.5% w/v, 0.06–0.1% CaCl₂, 0.15% sodium citrate) exhibited a clear 

appearance, indicating complete dissolution and homogeneity. Formulations of κ-CG at 0.1–0.5% w/v with 

0.06–0.1% KCl were clear. Gellan gum’s fluidity decreased with increasing polymer and CaCl₂ concentrations, 

reflecting stronger Ca²⁺ induced cross-linking that reduces flowability before artificial saliva addition. At 0.1–

0.3% w/v with 0.06–0.08% CaCl₂, high to moderate fluidity (+++/++) was observed. Premature gelation (non-

flowing, -) at higher concentrations (0.4–0.5% w/v, ≥0.08% CaCl₂) indicated excessive cross-linking. For κ-CG, 

high fluidity (+++) at 0.1–0.3% w/v with 0.06–0.08% KCl was observed. Premature gelation at 0.4–0.5% w/v 

or 0.1% KCl suggests K⁺ ions trigger rapid helix formation, reducing fluidity during preparation. These findings 

align with studies noting that low polymer concentrations maintain fluidity for in situ gels, while higher ion 

levels cause premature gelation (Mokhtari et al., 2021; Zia et al., 2018). 

Gellan gum gelation times decreased with increasing polymer concentrations, from 67 s (0.1%, with 0.06% 

CaCl₂) to 42 s (0.4%, with 0.06% CaCl₂). 0.3% κ-CG showed fastest gelation when combined KCl, gelling at 15-

8 s. Gellan gum exhibited robust ion-induced gelation with Ca²⁺ ions, consistent with its high sensitivity to 

divalent cations. At 0.1–0.3% w/v with 0.06–0.08% CaCl₂, Gellan gum’s gelling capacity improved with 

increasing CaCl₂ and polymer concentrations, achieving optimal gelation (+++). For κ-CG, no gelation at 0.1% 

w/v with 0.06–0.08% KCl indicates inadequate polymer concentration for helix formation. Optimal (+++) and 

exceptional (++++) gelation was observed at 0.3% w/v with 0.06–0.08% KCl. However, research by Barbara 

Vigani et al. (2020) have noted that addition of other components/excipients such as mucoadhesive polymers 

are found to have an influence on the gelling capacity of ion-induced polymers. Premature gelation of both 

the polymers at 0.4–0.5% w/v limits their use, emphasizing the need for lower concentrations. Hence, for 

further optimizations 0.1-0.3% w/v of gellan gum, κ-CG (0.1–0.3% w/v), and a combined κ-CG/ι-CG 
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formulation (0.3% w/v total) were selected. Additionally, CaCl₂/ KCl concentrations of 0.06–0.08% w/v were 

chosen for these optimizations. 

Table 5.2. Preliminary optimization of gellan gum and κ-CG In Situ Gels with CaCl₂ and KCl, respectively (n = 3; mean ± SD). 

Concentration of ion induced 
gelling solution % (w/v) 

Conc. of salt 
CaCl2 or KCl % 
(w/v) 

Visual appearance Fluidity  Gelling 
capacity  

Gelation 
time upon 
the 
addition of 
AS at 37 °C 

Gellan gum 0.1%  0.06% CaCl2 Clear +++ + 67 s 

0.08% CaCl2 Clear ++ ++ 60.5 s 

0.10% CaCl2 Clear - -- - 

0.2%  0.06% CaCl2 Clear +++ ++ 57.4 s 

0.08% CaCl2 Clear ++ +++ 50 s 

0.10% CaCl2 Clear - -- - 

0.3%  0.06% CaCl2 Clear ++ +++ 51 s 

0.08% CaCl2 Clear ++ +++ 48.3 s 

0.10% CaCl2 Clear - -- - 

0.4%  0.06% CaCl2 Clear + +++ 42 s 

κ-CG 0.1%  0.06% KCl Clear +++ -  - 

0.08% KCl Clear +++ - - 

0.10% KCl Clear - -- - 

0.2%  0.06% KCl Clear +++ + 49 s 

0.08% KCl Clear +++ ++ 32 s 

0.10% KCl Clear - --  - 

0.3%  0.06% KCl Clear +++ +++ 15 s 

0.08% KCl Clear +++ ++++ 8 s 

0.10% KCl Clear - -- - 

Note: Fluidity represented as +++ (highly fluid), ++ (moderately fluid), + (low fluidity), - (non-flowing, gelled). Gelling capacity 
represented as + (partial gelation, limited viscosity), ++ (moderate gelation, increased thickness), +++ (rapid, stable gelation), ++++ 
(exceptionally rapid/strong gelation), - (no gelation), -- (already gelled). 
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5.4.1.2 Optimization of ion induced in situ gels using design expert: effect of polymer and Ionic crosslinker 

concentrations.  

5.4.1.2.1 Ion induced gels of gellan gum with HPMC/Carbopol 

Box-Behnken Design was employed using Design Expert software to investigate systems comprised of either 

gellan gum, HPMC, and calcium chloride (CaCl₂), or formulations containing gellan gum, Carbopol, and CaCl₂. 

For the gellan gum-HPMC formulations with CaCl2, the ANOVA results, summarized in Table 5.3, confirmed 

statistical significance for all models (p < 0.0001), with quadratic models for fluidity and gelling capacity and 

a linear model for gelation time effectively capturing the relationships between independent variables, gellan 

gum (A), HPMC (B), and CaCl₂ (C) concentrations, and the responses. Non-significant lack of fit p-values (p > 

0.05) validated the models' adequacy, aligning with response surface methodology (RSM) best practices. The 

equations representing the models are highlighted in Equation 5.1, Equation 5.2, and Equation 5.3. The 

optimized formulation (0.195% gellan gum, 0.4% HPMC, 0.07% CaCl₂) achieved a fluidity of 34.83 mPa·s, a 

maximum gelling capacity of 3, and a gelation time of 56.1 seconds, with a desirability score of 0.629, 

reflecting a balanced compromise. These results are visually supported by the 3D surface plots (Figure 5.1 

(D), (E), and (F)) and predicted vs. actual plots highlighted (Figure 5.1 (A), (B), and (C)), which illustrate the 

response surfaces and model accuracy, respectively.  

Equation 5.1. Fluidity = 28.89 + 15.89A + 12.19B + 3.03C + 7.91AB + 0.60AC + 0.49BC – 6.10A² + 0.89B² – 0.35C² 

Equation 5.2. Gelling Capacity = 3.0 + 1.3A + 0.37B + 0.25C + 0.25AB + 7.02AC + 2.94BC – 1.12A² – 0.62B² – 0.37C² 

Equation 5.3. Gelation Time = 60.11 – 3.86A – 7.30B – 2.16C 

Fluidity was significantly influenced by gellan gum, HPMC, and their interaction (AB, p = 0.0462), with a 

negative quadratic term for gellan gum (A², p = 0.0019). The 3D surface plot (Figure 5.1) showed viscosity 

increasing synergistically with polymer concentration, peaking before declining. Gelling capacity was driven 

by gellan gum, HPMC, CaCl₂, and strong AC (p < 0.0001) and BC (p = 0.0003) interactions, reflecting the role 

of calcium ions in network crosslinking. Quadratic curvature indicated an optimal range, avoiding over-

crosslinking. Gelation time decreased linearly with all factors, with HPMC showing the greatest effect. The 

moderate desirability score (0.629) meets RSM acceptability thresholds (Montgomery & St, 2022). 

Table 5.3 Analysis of Variance (ANOVA) summary for the gellan gum-HPMC-CaCl₂ system. 

Response Model 
Type 

Significant Factors p-value 
(Model) 

Lack of Fit p-
value 

Fluidity Quadrati
c 

A-Gellan gum (p<0.0001), B-HPMC (p<0.0001), C-CaCl2 (p<0.0001), AB 
(p=0.0462), A² (p=0.0019) 

<0.0001 0.8360 

Gelling 
capacity 

Quadrati
c 

A-Gellan gum (p<0.0001), B-HPMC (p=0.0016), C-CaCl2 (p=0.0062), AC 
(p<0.0001), BC (p=0.0003) 

<0.0001 0.7521 

Gelation 
time 

Linear A-Gellan gum (p<0.0001), B-HPMC (p<0.0001), C-CaCl2 (p=0.0037) <0.0001 0.3360 
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Figure 5.1 Response surface and predictive analysis for gellan gum-HPMC-CaCl₂ system, (A) predicted vs. actual plot for fluidity, (B) 
predicted vs. actual plot for gelling capacity, (C) predicted vs. actual plot for gelation time, (D) 3D surface plot for fluidity, (E) 3D 
surface plot for gelling capacity, (F) 3D surface plot for gelation time. 

For the gellan gum-Carbopol formulations with CaCl2, the ANOVA results presented in Table 5.4 establish a 

statistical basis for optimizing ion-induced gels using gellan gum, Carbopol, and calcium chloride (CaCl₂), with 

fluidity, gelling capacity, and gelation time as response variables. The highly significant p-values for all models 

(p < 0.0001) indicate that the quadratic models effectively capture the relationships between the independent 

variables, gellan gum (A), Carbopol (B), and CaCl₂ (C) concentrations, and the responses. The non-significant 

lack of fit p-values (p > 0.05 for all responses) further confirm the adequacy of these models, aligning with 

best practices in RSM as outlined by Montgomery and St (2022). The optimized formulation (0.187% gellan 

gum, 0.37% Carbopol, 0.080% CaCl₂) with a desirability score of 0.687 reflects a well-balanced optimization. 

Quadratic models are represented by Equation 5.4, Equation 5.5, and Equation 5.6. 

Equation 5.4. Fluidity = 27.81 + 23.06A + 21.15B + 4.81C + 1.53AB + 0.67AC + 0.44BC – 1.31A² – 0.36B² – 0.19C² 

Equation 5.5. Gelling Capacity = 2.74 + 1.14A + 1.12B + 0.62C + 0.25AB + 0.22AC + 0.19BC – 0.26A² – 0.23B² – 0.10C² 

Equation 5.6. Gelation Time = 45.98 – 7.17A – 6.89B – 3.62C – 1.83AB – 0.87AC – 0.45BC + 1.02A² + 0.88B² + 0.22C² 

The fluidity model was quadratic and significantly influenced by gellan gum (p < 0.0001), Carbopol (p < 

0.0001), their strong interaction AB (p < 0.0001), and the quadratic term A² (p = 0.0001). The 3D surface plot 

(Figure 5.2(D)) shows a pronounced viscosity peak with rising Carbopol content. Gelling capacity was also 

(D) (E) (F) 

(A) (B) (C) 
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quadratic, with significant contributions from gellan gum (p < 0.0001), Carbopol (p = 0.0151), CaCl₂ (p = 

0.0062), and strong AC (p < 0.0001) and BC (p < 0.0001) interactions, highlighting robust ionic crosslinking, 

also seen in the 3D surface plot (Figure 5.2 (E)). Gelation time followed a quadratic model, significantly 

affected by all factors (p < 0.0001), interaction AB (p < 0.0001), and quadratic terms B² and C² (p = 0.0001). 

The 3D surface plot (Figure 5.2 (F)) shows a steep decline at higher concentrations, yielding rapid gelation 

(31.32 s). Accuracy was confirmed by the predicted vs. actual plots ((Figure 5.2 (A), (B) and (C)). 

Table 5.4. Summary of ANOVA results for the Gellan gum–Carbopol–CaCl₂ system. 

Response Model 

Type 

Significant Factors p-value 

(Model) 

Lack of Fit p-

value 

Fluidity Quadratic A–Gellan gum (p<0.0001), B–Carbopol (p<0.0001), C–CaCl₂ 

(p<0.0001) 

<0.0001 0.3726 

Gelling 

capacity 

Quadratic A–Gellan gum (p=0.0011), B–Carbopol (p=0.0011), C–CaCl₂ 

(p<0.0001), AC (p<0.0001), BC (p<0.0001) 

<0.0001 0.5310 

Gelation 

time 

Quadratic A–Gellan gum (p<0.0001), B–Carbopol (p<0.0001), C–CaCl₂ 

(p<0.0001), AB (p<0.0001), AC (p<0.0001) 

<0.0001 0.0001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Response surface and predictive analysis for gellan gum-Carbopol-CaCl₂ system, (A) predicted vs. actual plot for fluidity, 
(B) predicted vs. actual plot for gelling capacity, (C) predicted vs. actual plot for gelation time, (D) 3D surface plot for fluidity, (E) 3D 
surface plot for gelling capacity, (F) 3D surface plot for gelation time. 
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5.4.1.2.2 Ion induced gels of κ-CG with HPMC/Carbopol 

The κ-carrageenan–HPMC–KCl formulation was optimized using Box–Behnken Design (BBD), with fluidity, 

gelling capacity, and gelation time as response variables. ANOVA (shown in Table 5.5) confirmed that the 

models for all three responses were statistically significant (p < 0.0001), with quadratic models describing 

fluidity and gelling capacity, and a linear model fitting gelation time. KCl (0.06 to 0.08%) did not have a 

statistically significant effect on gelation time and fluidity (p > 0.05) but was found to have a moderate 

response on gelling capacity (0.05>p>0.01). Non-significant lack-of-fit values (p > 0.05) indicated that the 

models adequately captured the experimental trends. The optimized formulation contained 0.300% κ-

carrageenan, 0.28% HPMC, and 0.08% KCl, producing an excellent balance of low viscosity, high gel strength, 

and rapid setting, reflected in the highest desirability score (0.759). Equation 5.7, Equation 5.8, and Equation 

5.9 were found to represent the models. 

Equation 5.7. Fluidity = 18.55 + 10.11A + 11.05B + 1.35C + 4.28AB + 1.35AC + 0.43BC – 1.90A² + 5.14B² + 0.46C² 

Equation 5.8. Gelling Capacity = 3 + 1.375A + 0.75B + 0.375C + 2.13AB + 0.25AC – 6.15BC – 0.62A² – 0.37B² – 0.62C² 

Equation 5.9. Gelation Time = 10.36 – 2.63A – 1.09B + 0.18C 

Fluidity was significantly influenced by κ-carrageenan (p < 0.0001), HPMC (p < 0.0001), and the quadratic term 

for κ-carrageenan (p = 0.0057). The 3D surface plot in Figure 5.3 (D) showed an upward curvature, with fluidity 

increasing at higher polymer concentrations. Gelling capacity was also quadratic, with significant effects from 

κ-carrageenan (p < 0.0001) and HPMC (p = 0.0026). The 3D surface plot (Figure 5.3(E)) revealed a peak gelling 

capacity at moderate polymer concentrations, suggesting an optimal network density for gel strength. 

Gelation time followed a linear model, with κ-carrageenan and HPMC both significantly reducing setting time 

(p < 0.0001). The 3D plot Figure 5.3(F)) showed a steep linear decline in gelation time as polymer 

concentrations increased. Reliability of the models was confirmed by the predicted vs. actual plots highlighted 

in Figure 5.3 (A), (B), and (C) where data points closely followed the ideal correlation line.  

Table 5.5 Summary of ANOVA results for the κ-carrageenan–HPMC–KCl system. 

Response Model 

Type 

Significant Factors p-value 

(Model) 

Lack of Fit p-

value 

Fluidity Quadratic A–κ-cg (p<0.0001), B–HPMC (p<0.0001), C-KCl 
(p=0.1955), 

 A² (p = 0.0057) 

<0.0001 0.7837 

Gelling 

capacity 

Quadratic A–κ-cg (p<0.0001), B–HPMC (p = 0.0026), C-KCl 
(p=0.0716) 

0.0021 0.8013 

Gelation time Linear A–κ-cg (p<0.0001), B–HPMC (p<0.0001), C-KCl 
(p=0.5327) 

<0.0001 0.5327 
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Figure 5.3 Response surface and predictive analysis for κ-CG-HPMC-KCl system, (A) predicted vs. actual plot for fluidity, (B) 
predicted vs. actual plot for gelling capacity, (C) predicted vs. actual plot for gelation time, (D) 3D surface plot for fluidity, (E) 3D 
surface plot for gelling capacity, (F) 3D surface plot for gelation time. 

The κ-carrageenan–Carbopol–KCl formulation was optimized using RSM, with fluidity, gelling capacity, and 

gelation time as responses. ANOVA confirmed significant quadratic models for fluidity and gelling capacity (p 

< 0.0001) and a linear model for gelation time (p < 0.0001) (Table 5.6). KCl (0.06 to 0.08%) did not have a 

statistically significant effect on gelation time, gelling capacity, and fluidity. Non-significant lack-of-fit values 

(p > 0.05) indicated good model adequacy, with Equation 5.10, Equation 5.11, and Equation 5.12 representing 

the models. The optimized formulation (0.286% κ-carrageenan, 0.300% Carbopol, 0.074% KCl) achieved low 

viscosity (10.51 mPa·s), high gelling capacity (3.02), rapid gelation (6.39 s), and a desirability score of 0.650. 

Equation 5.10. Fluidity = 8.3 + 2.612A + 1.23B + 0.07C + 0.27AB + 0.3AC + 0.24BC + 1.612A² + 0.162B² + 0.28C² 

Equation 5.11. Gelling Capacity = 2 + 1.25A + 0.62B – 0.125C – 0.25AB + 0.25AC + 4.24BC – 0.25A² + 0.5B² – 5.41C² 

Equation 5.12. Gelation Time = 8.49 – 3.63A – 0.87B – 0.23C 

Fluidity was predominantly influenced by κ-carrageenan (p < 0.0001) and Carbopol (p < 0.0001), with a 

strong quadratic effect of κ-carrageenan (A², p < 0.0001). The 3D surface plot (Figure 5.4 (D)) showed a 

curvilinear decrease in viscosity at optimal polymer ratios. Gelling capacity was significantly affected by κ-

carrageenan (p < 0.0001), Carbopol (p < 0.0001), and quadratic terms (A² and B², p < 0.0001), indicating a 

non-linear relationship with polymer concentration. The surface plot shown in Figure 5.4 (E) showed a 

distinct peak, suggesting optimal gel strength occurs at balanced polymer ratios. Gelation time was best 

described by a linear model, with κ-carrageenan (p < 0.0001) as the dominant factor, followed by Carbopol 

(p = 0.0155). The surface plot (Figure 5.4 (F)) illustrated a rapid decline in gelation time with increasing 

polymer concentrations. The predicted vs. actual plots. Figure 5.4 (A), (B), and (C) demonstrated a strong 

correlation, supporting model precision. 

(A) (B) (C) 

(F) (E) (D) 
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Table 5.6. Summary of ANOVA results for the κ-carrageenan–Carbopol–KCl system. 

Response Model 

Type 

Significant Factors p-value 

(Model) 

Lack of Fit p-

value 

Fluidity Quadratic A–κ-cg (p<0.0001), B–Carbopol (p<0.0001), C-KCl (p=0.526), A² 

(p<0.0001) 

<0.0001 0.1059 

Gelling 

capacity 

Quadratic A–κ-cg (p<0.0001), B–Carbopol (p<0.0001), A² (p<0.0001), C-KCl 

(p=0.1036), B² (p<0.0001) 

<0.0001 1.0000 

Gelation time Linear A–κ-cg (p<0.0001), B–Carbopol (p=0.0016), C-KCl (P=0.443) <0.0001 0.4435 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Response surface and predictive analysis for κ-CG-Carbopol-KCl system, (A) predicted vs. actual plot for fluidity, (B) 
predicted vs. actual plot for gelling capacity, (C) predicted vs. actual plot for gelation time, (D) 3D surface plot for fluidity, (E) 3D 
surface plot for gelling capacity, (F) 3D surface plot for gelation time. 

5.4.1.2.3 Ion induced gels of combined κ-CG and ι-CG with HPMC/Carbopol 

For combined κ-CG and ι-CG with HPMC systems, the ANOVA results (Table 5.7) indicated that fluidity and 

gelling capacity followed a quadratic model, while gelation time was best described by a linear model. Models 

are represented by Equation 5.13, Equation 5.14, and Equation 5.15. All models were statistically significant 

(p < 0.0001 for fluidity and gelling capacity; p = 0.0002 for gelation time) with non-significant lack of fit values, 

confirming model adequacy. The optimized formulation (0.100% ι-CG, 0.200% κ-CG, 0.481% HPMC) achieved 

a fluidity of 30.74 mPa.s, gelling capacity of 2.66, and gelation time of 21.50 s, with a desirability of 0.753. 

Equation 5.13. Fluidity = 20 + 5.71A + 4.56B + 3.827C – 2.247AB + 2.78AC + 2.94BC – 0.63A² – 0.66B² – 6.11C² 

(D) 
(E) 

(F) 

(A) (B) (C) 
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Equation 5.14. Gelling Capacity = 1 + 0.87A + 1.25B + 0.125C – 0.5AB + 0.24AC + 9.81BC + 0.37A² + 0.62B² – 0.125C² 

Equation 5.15. Gelation Time = 14.39 + 0.18A – 1.30B – 0.67C 

For fluidity, significant effects were observed for ι-carrageenan (A, p < 0.0001), κ-carrageenan (B, p < 0.0001), 

and HPMC (C, p < 0.0001). The 3D surface plot in Figure 5.5 (D) shows that increasing κ-carrageenan and 

HPMC concentrations markedly enhanced viscosity. For gelling capacity, significant effects were noted for A 

(p < 0.0001), B (p < 0.0001), and C (p = 0.0040). The surface plot (Figure 5.5 (E)) revealed a peak in gel strength 

at intermediate κ-carrageenan levels, suggesting an optimal ionic network density that maximizes gel integrity 

without excessive rigidity. For gelation time, the linear model identified κ-carrageenan (p < 0.0001) and HPMC 

(p = 0.0067) as significant factors. The response surface highlighted in Figure 5.5 (F) indicated that higher κ-

carrageenan levels reduced gelation time, likely due to increased availability of junction zones, while HPMC 

contributed to faster structural consolidation. The predicted vs. actual plots in Figure 5.5 (A), (B), and (C) 

demonstrated a strong correlation, supporting model precision. 

Table 5.7. Summary of ANOVA results for the ι-carrageenan & κ-carrageenan–HPMC system. 

Response Model Type Significant Factors p-value 

(Model) 

Lack of Fit p-

value 

Fluidity Quadratic A–ι-CG (p<0.0001), B–κ-CG (p<0.0001), C–HPMC 

(p<0.0001) 

<0.0001 0.2992 

Gelling 

capacity 

Quadratic A–ι-CG (p<0.0001), B–κ-CG (p<0.0001), C–HPMC 

(p=0.0040) 

<0.0001 0.2641 

Gelation time Linear B–κ-CG (p<0.0001), C–HPMC (p=0.0067) 0.0002 0.0913 
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Figure 5.5 Response surface and predictive Analysis for κ-CG- ι-CG -HPMC systems, (A) predicted vs. actual plot for fluidity, (B) 
predicted vs. actual plot for gelling capacity, (C) predicted vs. actual plot for gelation time, (D) 3D surface plot for fluidity, (E) 3D 
surface plot for gelling capacity, (F) 3D surface plot for gelation time. 

For combined κ-CG and ι-CG with Carbopol, ANOVA outcomes (Table 5.8) showed that fluidity and gelling 

capacity responses fitted best to quadratic models, whereas gelation time was adequately described by a 

linear model. All models were statistically significant (p < 0.0001), with non-significant lack-of-fit values, 

indicating that the selected models were appropriate and predictive. Models are represented by Equation 

5.16, Equation 5.17, and Equation 5.18. The optimized formulation containing 0.100% ι-carrageenan, 0.200% 

κ-carrageenan, and 0.570% Carbopol exhibited a fluidity of 17.681 mPa·s, gelling capacity of 2.625, and 

gelation time of 12.238 s, achieving a high desirability value of 0.844. 

Equation 5.16. Fluidity = 33.89 + 13.162A + 9.316B + 3.27C – 1.54AB + 0.25AC – 0.76BC – 1.38A² – 0.96B² – 0.66C² 

Equation 5.17. Gelling Capacity = 0.9 + 0.625A + 1.25B + 0.37C – 0.75AB – 5.95AC + 0.25BC + 0.75A² + 0.5B² – 0.24C² 

Equation 5.18. Gelation Time = 24.25 – 0.0933A – 2.03B – 0.9C 

For fluidity, significant main effects were observed for all three factors: ι-carrageenan (A, p<0.0001), κ-

carrageenan (B, p<0.0001), and Carbopol (C, p<0.0001). The 3D surface plot shown in Figure 5.6 (D) 

indicated that higher concentrations of κ-carrageenan and Carbopol led to a marked increase in viscosity, 

reflecting denser gel networks. For gelling capacity, all three factors significantly influenced the response (A, 

p<0.0001; B, p<0.0001; C, p=0.0040). The response surface highlighted in Figure 5.6 (E) revealed that 

intermediate κ-carrageenan levels maximized gel strength, suggesting an optimal polymer–ion network 

density that enhances gel integrity without causing brittleness. For gelation time, the linear model 

identified κ-carrageenan (p<0.0001) and Carbopol (p=0.0011) as significant contributors. The response 

surface (Figure 5.6 (F)) showed that higher κ-carrageenan concentrations reduced gelation time, likely due 

to the faster formation of crosslinks, while Carbopol promoted quicker structural stabilization. Predicted vs. 

actual plots highlighted in Figure 5.6 (A) (B) and (C) for all responses demonstrated strong correlation, 

indicating high model precision and reliability for formulation optimization. 

Table 5.8. Summary of ANOVA results for the ι-carrageenan, κ-carrageenan, and Carbopol system. 

Response Model 

Type 

Significant Factors p-value 

(Model) 

Lack of Fit p-

value 

Fluidity Quadratic A–ι-CG (p<0.0001), B–κ-CG (p<0.0001), C–Carbopol 

(p<0.0001) 

<0.0001 0.2992 

Gelling 

capacity 

Quadratic A–ι-CG (p<0.0001), B–κ-CG (p<0.0001), C–Carbopol 

(p=0.0040) 

<0.0001 0.2641 

Gelation time Linear B–κ-CG (p<0.0001), C–Carbopol (p=0.0011) <0.0001 0.1463 
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Figure 5.6. Response surface and predictive analysis for κ-CG- ι-CG -Carbopol systems, (A) predicted vs. actual plot for fluidity, (B) 
predicted vs. actual plot for gelling capacity, (C) predicted vs. actual plot for gelation time, (D) 3D surface plot for fluidity, (E) 3D 
surface plot for gelling capacity, (F) 3D surface plot for gelation time. 

Further characterizations were carried out using the formulations optimized, with the polymer and salt 

concentration highlighted in Table 5.9 below. 

Table 5.9 Optimized ion-Induced in-situ gel formulation parameters derived from design of experiments. 

Formulation Code Polymer (% w/v) HPMC / Carbopol (% w/v) Salt (% w/v) Cannabinoid Composition 

G-H4TC 0.197% Gellan gum 0.4% HPMC 0.077% CaCl₂ THC + CBD (1:1, 20 mg/ml total) 

G-H4C 0.197% Gellan gum 0.4% HPMC 0.077% CaCl₂ CBD (20 mg/ml) 

G-C37TC 0.18% Gellan gum 0.37% Carbopol 0.08% CaCl₂ THC + CBD (1:1, 20 mg/ml total) 

G-C37C 0.18% Gellan gum 0.37% Carbopol 0.08% CaCl₂ CBD (20 mg/ml) 

K-H28TC 0.3% κ-CG 0.28% HPMC 0.08% KCl THC + CBD (1:1, 20 mg/ml total) 

K-H28C 0.3% κ-CG 0.28% HPMC 0.08% KCl CBD (20 mg/ml) 

K-C3TC 0.28% κ-CG 0.3% Carbopol 0.074% KCl THC + CBD (1:1, 20 mg/ml total) 

K-C3C 0.28% κ-CG 0.3% Carbopol 0.074% KCl CBD (20 mg/ml) 

KI-H48TC 0.2% κ-CG, 0.1% ι-CG 0.48% HPMC 0.07% KCl THC + CBD (1:1, 20 mg/ml total) 

(A) (B) (C) 

(D) (E) (F) 
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KI-H48C 0.2% κ-CG, 0.1% ι-CG 0.48% HPMC 0.07% KCl CBD (20 mg/ml) 

KI-C5TC 0.2% κ-CG, 0.1% ι-CG 0.5% Carbopol 0.07% KCl THC + CBD (1:1, 20 mg/ml total) 

KI-C5C 0.2% κ-CG, 0.1% ι-CG 0.57% Carbopol 0.07% KCl CBD (20 mg/ml) 

 

5.4.2 Appearance, pH, and drug content of developed formulations 

Table 5.10 highlights the pH, visual appearance, and drug content of the optimized formulations. All 

formulations maintained a consistent cream-coloured appearance, indicating no visible instability or 

cannabinoid precipitation post-loading. Drug content was highly uniform, with dual-drug systems delivering 

approx. 10 mg/ml for each cannabinoid, with single-dose systems around 20 mg/ml of CBD, suggesting 

minimal loss during preparation and even drug dispersion. 

The pH values ranged from 3.19 to 6.79, reflecting differences in polymer and salt combinations, and ion-

exchange equilibria. The pH of required formulations was adjusted to 6.4 using triethanolamine to enhance 

compatibility with the buccal environment. The pH of buccal formulations should ideally be within 5.5–7.5 to 

match the oral mucosa and minimize irritation (Aframian et al., 2006; He & Mu, 2023; Li & Castillo, 2020). 

Table 5.10. pH, appearance, and drug content of cannabinoid-loaded ion-induced in-situ gel formulations (n = 3; mean ± SD).  

Formulation pH (± SD) Appearance Drug content (mg/ml, ± SD) 

G-H4TC 6.40 ± 0.38 Cream coloured CBD: 10.04 ± 0.03 

THC: 10.06 ± 0.97 

G-H4C 6.79 ± 0.11 Cream coloured CBD: 20.12 ± 0.70 

G-C37TC 4.82 ± 0.54 Cream coloured CBD: 10.01 ± 0.94 

THC: 10.47 ± 0.67 

G-C37C 4.92 ± 0.69 Cream coloured CBD: 20.24 ± 0.29 

K-H28TC 4.98 ± 0.06 Cream coloured CBD: 10.23 ± 0.25 

THC: 10.30 ± 0.60 

K-H28C 5.28 ± 0.10 Cream coloured CBD: 20.19 ± 0.29 

K-C3TC 3.97 ± 0.05 Cream coloured CBD: 10.23 ± 0.41 

THC: 10.37 ± 0.73 

K-C3C 3.19 ± 0.02 Cream coloured CBD: 20.64 ± 0.86 

KI-H48TC 5.78 ± 0.15 Cream coloured CBD: 10.33 ± 0.72 

THC: 10.25 ± 0.93 
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KI-H48C 5.80 ± 0.19 Cream coloured CBD: 20.35 ± 0.39 

KI-C5TC 3.70 ± 0.29 Cream coloured CBD: 10.52 ± 0.14 

THC: 10.35 ± 0.87 

KI-C5C 3.50 ± 0.02 Cream coloured CBD: 20.43 ± 0.57 

 

5.4.3 Sol-gel transition time and viscosity of the ion-induced gelling formulations 

Sol-gel transition time of formulations was measured using the tube inversion technique. Figure 5.7 highlights 

confirmation of gelation upon the addition of artificial saliva (AS) for gellan gum, κ-CG, and κ-CG/ι-CG mixed 

formulations.  

 

Figure 5.7 Confirmation of gel formation of ion induced gels (A) Gellan gum formulations before addition of AS, (B) Gellan gum 
formulations after addition of AS (C) κ-CG formulations before addition of AS, (D) κ-CG formulations after addition of AS (E) 
Combined κ-CG and ι-CG formulations before addition of AS, (F) Combined κ-CG and ι-CG formulations after addition of AS. 

Sol-gel transition time of the optimized formulations are represented in Table 5.11. Gelation time is influenced 

by concentration of polymers, type of ions used, as well as viscosity of the formulation. Formulations with 

gellan gum (G-H4TC/G-H4C and G-C37TC/G-C37C) exhibited slower gelation times when compared with the 

other formulations of carrageenan. This may be attributed to the low gellan gum concentration used, resulting 

in weaker and slower gel network formation. Furthermore, in gellan gum–based formulations, sodium citrate 

was incorporated as a complexing agent. The presence of citrate ions can sequester divalent cations such as 

Ca²⁺, needed to prevent premature gelation, which could have delayed the onset of gelation and prolonged 

the sol-to-gel transition time (Morris et al., 2012). Carbopol consistently reduced gelation times compared to 

HPMC across all ion-sensitive polymers, with κ-CG outperforming gellan gum formulations. The faster gelation 

times observed in Carbopol-containing formulations (G-C37TC, G-C37C, K-C3TC, K-C3C, KI-C5TC, KI-C5C), 

(C) 

(F) (E) 

(D) (A) (B) 
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ranging from 7.5 to 33 s, may be attributed to Carbopol’s ability to facilitate stronger intermolecular 

interactions within gel networks compared to cellulose derivatives such as HPMC (Peppas & Sahlin, 1996). 

Although higher viscosities can generally slow gelation by restricting polymer chain mobility, Carbopol's rapid 

ionic interaction in ion-induced systems leads to faster gelation compared to HPMC-based systems (Mahajan 

et al., 2019). Mixed carrageenan systems (κ-CG + ι-CG; KI-H48TC/KI-H4C and KI-C5TC/KI-C5C) exhibited 

intermediate gelation times (12–26 s). The addition of ι-CG produces softer, more elastic gels, slightly delaying 

rigid network formation. However, when Carbopol was used (KI-C5TC/KI-C5C), gelation was accelerated 

compared to HPMC systems (KI-H48TC/KI-H48C), highlighting the synergistic effect of Carbopol in ion-

responsive polymer matrices. 

Table 5.11 Sol–gel transition times of cannabinoid-loaded ion-induced in-situ gel formulations (n = 3; mean ± SD).  

Formulation Code Sol–gel transition time (s, ± SD) 

G-H4TC 57.0 ± 1.30 

G-H4C 53.0 ± 2.28 

G-C37TC 33.0 ± 2.60 

G-C37C 32.0 ± 1.80 

K-H28TC 15.2 ± 3.00 

K-H28C 11.8 ± 2.40 

K-C3TC 7.5 ± 1.30 

K-C3C 9.0 ± 2.00 

KI-H48TC 22.1 ± 1.60 

KI-H48C 26.1 ± 0.90 

KI-C5TC 12.2 ± 1.10 

KI-C5C 19.6 ± 1.50 

 

The viscosity analysis confirmed that all formulations underwent a marked increase in viscosity upon ionic 

gelation, demonstrating successful in-situ gel formation (highlighted in figure 5.8 below). All Carbopol-

containing formulations (G-C37TC, G-C37C, K-C3TC, K-C3C, KI-C5TC, KI-C5C) produced the higher gel 

viscosities, significantly greater than HPMC-containing ones (G-H4TC, G-H4C, K-H28TC, K-H28C, KI-H48TC, KI-

H48C). This consistent with previous studies that have demonstrated that Carbopol addition results in higher 

formulation viscosity than HPMC at the same concentration (E. Özyılmaz et al., 2024; Wu et al., 2007). Mixed 
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κ/ι-CG formulations exhibited the highest viscosities overall. The interactive gelation of κ-CG and ι-CG, where 

κ-CG contributes rigidity and ι-CG provides elasticity, resulted in a more cohesive and elastic gel matrix 

(Campo et al., 2009). Formulations containing both CBD and THC exhibited higher viscosities compared to 

their CBD-only counterparts, indicating that the inclusion of THC enhanced gel consistency. 

 

 

Figure 5.8 Viscosity profiles of (A) gellan gum formulations with HPMC or Carbopol in the presence of CaCl₂, (B) κ-CG formulations 
containing HPMC or Carbopol in the presence of KCl, (C) mixed κ-CG/ι-CG formulations with HPMC or Carbopol in the presence of 
KCl (n = 3; mean ± SD). Statistically significant differences are denoted as *p < 0.05 and **p < 0.01, ***p < 0.001, ****p < 0.0001. 

5.4.4 Mechanical properties of the ion induced in-situ gels. 

The mechanical and textural characteristics of the prepared formulations were evaluated in terms of 

hardness, springiness, and cohesion (Table 5.12). Significant differences were observed depending on the 

(A) 

(C) (B) 
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polymer type, mucoadhesive co-polymer, salt system, and cannabinoid composition. Across all paired 

formulations, cannabinoid composition (THC and CBD vs. CBD) had only a minor influence on textural 

properties. CBD-only formulations tended to show slightly lower cohesion and hardness, though differences 

were not statistically significant in several formulations.  

Among all formulations, those incorporating Carbopol showed higher hardness and elasticity relative to 

HPMC-based gels. This increase in mechanical strength is likely due to the higher viscosity of Carbopol-based, 

ion-triggered gels, which reinforces the gel network. Additionally, Carbopol-containing formulations (G-

C37TC, G-C37C, K-C3TC, K-C3C, KI-C5TC, KI-C5C) exhibited slightly higher cohesion values compared to HPMC 

systems, suggesting the formation of stiffer gels with enhanced structural integrity under applied stress. Patel 

et al. (2011) have reported in their study that Carbopol-based gels generally demonstrate higher mechanical 

strength and cohesiveness than HPMC gels, due to their greater crosslinking density and cohesive polymer 

network. 

Gellan gum formulations exhibited greater hardness and springiness overall, despite displaying comparatively 

lower viscosities. This indicates that while viscosity plays a role in determining mechanical characteristics 

(Fathalla et al., 2022; Swain et al., 2019), other factors such as strong crosslinking from the use of divalent 

cations could have contributed to the stronger mechanical properties. Prior studies have shown that 

hydrogels may exhibit low viscosity under shear yet maintain high hardness and elasticity due to strong ionic 

crosslinking and network formation (de Jong & van de Velde, 2007; Funami, 2011). Mixed carrageenan 

formulations also exhibited higher hardness and springiness when compared with κ-CG only in-situ gels. 

These findings are consistent with previous literature which suggest that κ-/ι-carrageenan mixtures yield gels 

with greater strength and elasticity compared to individual carrageenan. Furthermore, κ-CG based gels have 

been demonstrated to be prone to syneresis, where liquid separates from the gel, when subjected to 

mechanical stress/deformation (Campo et al., 2009), which explains the lower hardness, and springiness of 

κ-CG based gels.  

Table 5.12 Textural properties (hardness, springiness, and cohesion) of gellan gum- and carrageenan-based in situ gels with HPMC 
or Carbopol (n = 3; mean ± SD). Values in each column bearing different superscript letters are significantly different (p < 0.05), 
whereas those sharing at least one common letter are not significantly different (one-way ANOVA with Tukey’s post hoc test). 

Formulations Hardness (N) Springiness (%) Cohesion 

G-H4TC 4.383 ± 0.028b  99.230 ± 1.23bd 0.474 ± 0.02acgj 

G-H4C 4.271 ± 0.031cde  99.630 ± 2.12ce 0.467 ± 0.09beg 

G-C37TC 4.945 ± 0.02c 99.580 ± 2.11bef 0.478 ± 0.01bcegh 

G-C37C 4.408 ± 0.03e  100.000 ± 3.21ce 0.475 ± 0.06bceh 

K-H28TC 3.383 ± 0.28h 75.510 ± 2.19ade 0.406 ± 0.018hi 

K-H28C 3.346 ± 0.38h 74.720 ± 1.29af 0.402 ± 0.029hijkl 
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K-C3TC 3.518 ± 0.01g 78.380 ± 1.73acd 0.441 ± 0.021efl 

K-C3C 3.827 ± 0.55ab 78.995 ± 3.22bcef 0.433 ± 0.091dfgi 

KI-H48TC 3.956 ± 0.21d  99.492 ± 0.19bcef 0.454 ± 0.092adeh 

KI-H48C 3.887 ± 0.32f 98.974 ± 0.39bcf 0.452 ± 0.031adeh 

KI-C5TC 4.977 ± 0.07g 99.497 ± 0.99bc 0.463 ± 0.02bdk 

KI-C5C 3.994 ± 0.09a 98.753 ± 1.67bcef 0.461 ± 0.01cdf 

 

5.4.5 Mucoadhesive strength of ion induced gels. 

The ex-vivo mucoadhesion study revealed distinct differences in maximum detachment force among the 

tested formulations (Figure 5.9). Although formulations containing both cannabinoids exhibited higher 

mucoadhesive strength than their CBD-only counterparts, likely due to the greater cohesiveness observed 

earlier, however these differences were not statistically significant. Carbopol-based formulations (G-C37TC, 

G-C37C, K-C3TC, K-C3C, KI-C5TC, KI-C5C) consistently demonstrated significantly higher mucoadhesive 

strength compared to HPMC-based systems (G-H4TC, G-H4C, K-H28TC, K-H28C, KI-H48TC, KI-H48C). This 

finding agrees with previous reports that Carbopol exhibits superior mucoadhesive properties due to the 

presence of abundant carboxylic functional groups, which facilitate strong hydrogen bonding and electrostatic 

interactions with mucin glycoproteins. HPMC is a non-ionic polymer and interacts with mucin primarily 

through secondary interactions such as hydrogen bonding, which are inherently weaker compared to the 

ionic and hydrogen bonding potential of Carbopol (Dhawale et al., 2018; Smart, 2005). 

In this study, gellan gum formulations exhibited higher mucoadhesive strength than κ-carrageenan (κ-CG) 

formulations but lower strength compared to mixed carrageenan systems (κ/ι-CG). This trend may be 

attributed to differences in polymer–mucin interactions and gel network characteristics. Gellan gum, being 

an anionic polysaccharide containing carboxyl groups, forms hydrogen bonds and electrostatic interactions 

with mucin, leading to stronger adhesion than κ-CG alone (A. Li et al., 2021). However, mixed carrageenan 

formulations demonstrated highest detachment forces (approx. 6–7 N), with statistically significant 

differences compared to most other formulations (p < 0.001). This enhanced mucoadhesion can be attributed 

to the combination of κ- and ι-carrageenan creating a denser, more elastic network with enhanced ionic 

crosslinking in the presence of cations (de Jong & van de Velde, 2007; Funami, 2011).  
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Figure 5.9 Comparison of mucoadhesive strength across optimized ion-induced gelling formulations (n = 3; mean ± SD). Statistically 
significant differences are denoted as *p < 0.05 and **p < 0.01, ***p < 0.001, ****p < 0.0001. 

5.4.6 In-vitro drug release and release kinetics of ion induced gels. 

The dissolution studies demonstrated distinct release behaviours depending on the polymer system and 

cannabinoid composition. Release of cannabinoids from optimized formulations are highlighted in Figure 

5.10. Across all formulations, the release of CBD was consistently higher than THC, reflecting the lower 

aqueous solubility and hydrophobic nature of THC, which limits its diffusion through the gel matrices. 

Furthermore, with increased formulation viscosity hindering drug release (Ali & Al-Shohani, 2024; Zema et 

al., 2007), release from formulations with both CBD and THC were slower when compared to CBD-only 

formulations. Analysis of individual cannabinoid release from Formulations (G-H4TC, G-C37TC, K-H28TC, K-

C3TC, KI-H48TC, KI-C5TC) (Figure 5.10 (B) to (G)) indicated comparable release rates for CBD and THC, with 

CBD showing a slightly higher overall cumulative release. 
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Figure 5.10 In-vitro release of cannabinoids from ion-induced in-situ gels; (A) Comparison of gel formulations with pure CBD and 
THC distillates, (B) Individual release profiles of CBD and THC from G-H4TC, (C) Individual release profiles of CBD and THC from G-
C37TC, (D) Individual release profiles of CBD and THC from K-H28TC, (E) Individual release profiles of CBD and THC from K-C3TC, (F) 
Individual release profiles of CBD and THC from KI-H48TC, (G) Individual release profiles of CBD and THC from KI-C5TC (n = 3; mean 
± SD). 
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Ion induced formulations containing HPMC (G-H4TC, G-H4C, K-H28TC, K-H28C, KI-H48TC, KI-H48C) showed 

higher drug release when compared with their Carbopol based counterparts (G-C37TC, G-C37C, K-C3TC, K-

C3C, KI-C5TC, KI-C5C), which can be attributed to the lower viscosity of HPMC systems and the well-

documented ability of Carbopol to sustain drug release over extended periods (E. D. Özyılmaz et al., 2024). 

Formulations containing mixed carrageenan exhibited the highest drug release profiles despite their high 

viscosity. This effect may be attributed to the synergistic gel network formed by κ- and ι-carrageenan, where 

the rigid and porous network contributed by κ-CG, combined with the enhanced swelling capacity of ι-CG, 

facilitates greater drug diffusion (Tavagnacco et al., 2023). Gellan gum formulations released cannabinoids 

more slowly than carrageenan formulations, which may be attributed to the stronger ionic crosslinking of 

gellan gum with divalent cations, resulting in a denser gel network impacting drug diffusion (Hazra et al., 

2025). 

The release data of cannabinoids from the optimized ion-induced in-situ gels were fitted to various kinetic 

models to elucidate the predominant release mechanisms (Table 5.13). The models included zero-order, first-

order, Higuchi, Korsmeyer–Peppas, and Hixson–Crowell. The Korsmeyer–Peppas model provided the best 

overall fit, with high correlation coefficients (R² = 0.90–0.99) across all formulations. This indicating that 

release followed an anomalous (non-Fickian) transport mechanism, where drug diffusion is coupled with 

polymer relaxation or swelling, consistent with the behaviour of ion-induced gels where the polymer network 

undergoes structural changes upon hydration. Previous research suggest that gellan gum/carrageenan-based 

in situ gels often exhibit non-Fickian (anomalous) diffusion mechanisms, where drug release is influenced by 

both diffusion and polymer relaxation/swelling processes (Mohananaidu et al., 2022; Ren et al., 2025; Salunke 

& Patil, 2016). 

Table 5.13 Kinetic modelling of cannabinoid release from ion-induced in-situ gel formulations fitted to zero-order, first-order, 
Higuchi, Korsmeyer–Peppas, and Hixson–Crowell models (R² values). 

Formulation Zero-order First-order Higuchi Korsmeyer–Peppas Hixson–Crowell 

G-H4TC-CBD 0.7893 0.7367 -0.2031 0.9082 0.8076 

G-H4TC-THC 0.7909 0.5939 -0.2045 0.9159 0.8596 

G-H4C-CBD 0.9237 0.4778 -0.4437 0.9781 0.8065 

G-C37TC-CBD 0.8418 0.6803 -0.2447 0.9909 0.7920 

G-C37TC-THC 0.8664 0.5249 -0.2574 0.9981 0.8314 

G-C37C-CBD 0.8256 0.2830 -0.6693 0.9796 0.6880 

K-H28TC-CBD 0.7890 0.5902 -0.2100 0.9499 0.8651 

K-H28TC-THC 0.7940 0.7437 -0.2061 0.9339 0.8134 
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K-H28C-CBD 0.8557 0.2435 -0.9056 0.9252 0.6364 

K-C3TC-CBD 0.8933 0.4978 -0.2945 0.9860 0.8095 

K-C3TC-THC 0.8292 0.6523 -0.2465 0.9612 0.7766 

K-C3C-CBD 0.9254 0.2408 -0.7081 0.9928 0.6236 

KI-H48TC-CBD 0.8168 0.4807 -0.2369 0.9559 0.7941 

KI-H48TC-THC 0.8000 0.6869 -0.2134 0.9507 0.7903 

KI-H48C-CBD 0.8581 0.3561 -0.3335 0.9669 0.7598 

KI-C5TC-CBD 0.9404 0.4942 -0.3556 0.9666 0.8111 

KI-C5TC-THC 0.8122 0.4848 -0.2330 0.9493 0.7960 

KI-C5C-CBD 0.9141 0.3482 -0.6807 0.9990 0.7815 

 

5.4.7 FTIR of ion-induced formulations 

The FTIR spectra of the polymers (Gellan gum, κ-CG, and ι-CG) and cannabinoids (CBD and THC) incorporated 

in the formulations are depicted in Figure 5.11. The spectra corresponding to gellan gum formulations (G-

H4TC, G-H4C, G-C37TC, G-C37C) are presented in Figure 5.12. Figure 5.13 and Figure 5.14 illustrate the spectra 

for κ-CG formulations (K-H28TC, K-H28C, K-C3TC, K-C3C) and mixed carrageenan formulations (KI-H48TC, KI-

H48C, KI-C5TC, KI-C5C), respectively. 
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Figure 5.11 FTIR spectra of (a) Gellan gum (b) κ-CG, (c) ι-CG, (d) HPMC, (e) Carbopol, (f) THC, (g) CBD. 

 

 
Figure 5.12 FTIR spectra of (a) blank HPMC gellan gum gel, (b) blank Carbopol gellan gum gel, (c) G-H4TC, (d) G-H4C (e) G-C37TC, 
and (f) G-C37C. 
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Figure 5.13 FTIR spectra of (a) blank HPMC κ-CG gel, (b) blank Carbopol κ-CG gel, (c) K-H28TC, (d) K-H28C, (e) K-C3TC, and (f) K-C3C. 

 

 

 
Figure 5.14 FTIR spectra of (a) blank HPMC mixed carrageenan gel, (b) blank Carbopol mix carrageenan gel, (c) KI-H48TC, (d) KI-
H48C, (e) KI-C5TC, and (f) KI-C5C. 

FTIR spectroscopy was used to confirm cannabinoid incorporation and assess potential drug and excipient 

interactions in the ion-induced in-situ gelling formulations. Across all formulations, the polymeric matrices 

displayed characteristic absorption bands consistent with gellan gum, carrageenan, HPMC, and Carbopol. A 

broad band between 3400–3200 cm⁻¹ corresponded to O–H stretching vibrations, attributable to hydroxyl 

groups in polysaccharides and absorbed water, with variations in the peaks corresponding to the hydrogen 

bonding between the polymer chains and water molecules (Gómez-Ordóñez & Rupérez, 2011; Prasad et al., 

2016; Verma et al., 2011). Absorptions around 2924 cm⁻¹ corresponded to C–H stretching vibrations of –CH₂ 

and –CH₃ groups, commonly seen in cellulose derivatives such as HPMC (Akinosho et al., 2013). A distinct 
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band around 1720–1700 cm⁻¹ was observed in Carbopol-containing formulations, representing C=O 

stretching of free carboxylic acid groups (Chalal et al., 2014).  

In both blank and drug loaded formulations (K-H28TC, K-H28C, K-C3TC, K-C3C, KI-H48TC, KI-H48C, KI-C5TC, 

KI-C5C) with carrageenan’s, highlighted in Figure 5.13 and Figure 5.14, additional bands were observed 

between 1250–1210 cm⁻¹ and 850–800 cm⁻¹ corresponding to absorptions associated with sulfate ester 

linkages and anomeric regions (Gómez-Ordóñez & Rupérez, 2011; Webber et al., 2012). Gellan gum 

formulations (G-H4TC, G-H4C, G-C37TC, G-C37C) in Figure 5.12 along with κ-CG and ι-CG formulations all 

displayed strong absorptions in the 1200–1000 cm⁻¹ range representing C–O–C asymmetric stretching and C–

O stretching of glycosidic linkages (Gómez-Ordóñez & Rupérez, 2011; Verma et al., 2011). 

Drug-loaded formulations demonstrated additional peaks consistent with cannabinoid incorporation. Distinct 

absorptions at 2850 and 2950 cm⁻¹ correspond to C-H stretching from the CBD-HP-β-CD complex and the THC-

HP-β-CD complex, around 1645 cm⁻¹ point towards H-O-H bending observed in HP-β-CD molecules, and 

around 1031 cm⁻¹ referring to C-O or C-O-C vibrations  (H. Li et al., 2021; Patil & Pandey, 2024; Upadhye et 

al., 2010). Overall, FTIR results confirmed the absence of chemical interaction between cannabinoids and 

excipients, while indicating physical entrapment of drugs CBD and THC (as inclusion complexes) within the 

polysaccharide matrices. 

5.4.8 SEM analysis of cannabinoid-loaded ion-induced in situ gels  

The surface morphology of cannabinoid-loaded ion induced in situ gelling formulations was examined using 

scanning electron microscopy (SEM) highlighted in Figure 5.15. Distinct differences were observed between 

gellan gum, κ-carrageenan (κ-CG), and mixed κ/ι-carrageenan (κ-CG/ι-CG) formulations, suggesting variation 

in interactions between the polymers and cannabinoids based on differences in surface morphology, pore 

structure, and network organisation observed. 

CBD-only formulations G-H4C, G-C37C, G-H28C, G-C3C, G-H48TC, and G-C5C represented in Figure 5.15 B, D, 

F, H, J, and L, respectively were generally observed to possess a more textured surface with pores and 

aggregated domains compared to their dual cannabinoid (CBD, THC) counterparts. These findings indicate 

that the presence of THC promotes the development of a more compact and homogeneous microstructure, 

most likely through synergistic interactions with the polymeric network. This phenomenon may be attributed 

to reduced crosslinking density in the absence of THC, which otherwise provides additional hydrophobic 

interactions that support a more compact gel matrix. Lower crosslinking disrupts the hydrogel network, and 

during freeze-drying, the weaker polymeric framework is more prone to pore collapse and aggregate 

formation as water evaporates from the matrix. Such morphological features are consistent with previous 

studies (Cassanelli, Norton, et al., 2018; Diryak et al., 2018), where reduced or insufficient crosslinking led to 

irregular, porous, and aggregated microstructures upon drying. This might further explain the lower hardness 
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and cohesion, and higher drug release from CBD-only in-situ gels were observed when compared with gels 

with both CBD and THC. 

Comparative SEM analysis between the formulations with different in situ gelling polymers revealed clear 

structural differences. Gellan gum-based formulations G-H4TC, G-H4C, G-C37TC, G-C37C highlighted in Figure 

5.15 A, B, C, and D tended toward dense and relatively smooth surfaces. In contrast, κ-CG based formulations 

(K-H28TC, K-H28C, K-C3TC, K-C3C) in Figure 5.15 E, F, G and H exhibited more heterogeneous and fibrous 

surfaces. The mixed κ/ι-CG formulations (KI-H48TC, KI-H48C, KI-C5TC, KI-C5C) (Figure 5.15 I, J, K and L) 

demonstrated the greatest porosity and structural complexity, with ridges, voids, fibrous networks, and 

aggregates. This suggests synergistic effects of κ- and ι-helices forming interpenetrating networks, combined 

with the influence of the secondary polymer. Research has demonstrated that rheological investigations of 

κ/ι-carrageenan mixtures reveal distinct dual gelation processes, resulting in microstructures consistent with 

either interpenetrating or phase-separated network behaviour. This has been previously observed with 

freeze-dried gels (Nono et al., 2012; Ridout et al., 1996). The morphology of mixed systems further supports 

their enhanced drug diffusion. 

 
Figure 5.15 SEM captured at a magnification of ×5,000 with a scale bar representing 10 µm of optimized freeze-dried in-situ gels (A) 
G-H4TC, (B) G-H4C, (C) G-C37TC, (D) G-C37C (E) K-H28TC, (F) K-H28C, (G) K-C3TC, (H) K-C3C, (I) KI-H48TC, (J) KI-H48C, (K) KI-C5TC, 
and (L) KI-C5C. 

5.4.9 Ex-vivo drug penetration 

The ex vivo penetration profiles of cannabinoid-loaded ion induced in situ gels across porcine buccal mucosa 

are presented in Figure 5.16. All formulations exhibited measurable penetration of cannabinoids, with 

statistically significant differences between polymer systems (p < 0.05). 
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Formulations containing HPMC (G-H4TC, G-H4C, K-H28TC, K-H28C, KI-H48TC, KI-H48C) demonstrated 

significantly higher penetration compared to their Carbopol-based equivalents (G-C37TC, G-C37C, K-C3TC, K-

C3C, KI-C5TC, KI-C5C). This trend is consistent with dissolution studies, where lower viscosity and weaker gel 

strength of HPMC matrices facilitated faster drug release and subsequent permeation. In contrast, Carbopol, 

while providing strong mucoadhesion, forms dense networks that restrict cannabinoid diffusion, resulting in 

lower permeation rates (Ali & Al-Shohani, 2024; Mohammad Hamdi, Azmi, Sabari, et al., 2023; Zema et al., 

2007). 

Ex vivo penetration results correlated with previously observed in-vitro drug release. Gellan gum-based 

systems (G-H4TC, G-H4C, G-C37TC, G-C37C) showed the lowest cannabinoid penetration among all 

formulations, attributable to the strong ionic crosslinking between gellan gum and divalent cations, which 

creates compact gel networks that hinder drug diffusion (Hazra et al., 2025). Conversely, mixed κ/ι-

carrageenan-based formulations (KI-H48TC, KI-H48C, KI-C5TC, KI-C5C) exhibited the highest drug penetration. 

The enhanced transport is likely due to the synergistic gelation between κ- and ι-carrageenan, where κ-CG 

contributes a rigid but porous structure, while ι-CG enhances hydration and swelling, thereby improving drug 

release and mucosal diffusion (Tavagnacco et al., 2023).  

The CBD-only formulations consistently showed slightly higher drug penetration than the dual cannabinoid 

(CBD, THC) counterparts. Furthermore, higher penetration of CBD was also observed in formulations with 

both the cannabinoids, as shown in Figure 5.16 (B), (C), and (D). This can be explained by previously 

demonstrated higher permeability of CBD in mucosal system, and the greater hydrophobicity and stronger 

interactions of THC with polymer matrices, which can hinder its penetration (C. J. Lucas et al., 2018; Varadi et 

al., 2023). Overall, these results demonstrate that polymer composition, viscosity, and cannabinoid type 

collectively influence ex vivo drug penetration.  
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Figure 5.16 Ex-vivo penetration profiles of (A) Total cannabinoids from ion induced in-situ gelling formulations, (B) Individual 
penetration profiles of CBD and THC of gellan gum formulations, (C) Individual penetration profiles of CBD and THC of κ-CG 
formulations, (D) Individual penetration profiles of CBD and THC of mixed carrageenan formulations (n = 3; mean ± SD). Statistically 
significant differences are denoted as *p < 0.05 and **p < 0.01, ***p < 0.001, ****p < 0.0001. 

(A) 

(B) (C) (D) 
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5.4.10 Stability studies 

Stability study results (pH, appearance, drug content, and gelling capacity over 6 months) are represented in 

Table 5.14. All formulations-maintained pH values within the range of 6.2–6.8 over six months, which falls 

within the acceptable buccal pH range (6.2–7.4). This suggests that the formulations are unlikely to cause 

mucosal irritation upon administration.  

Appearance of formulations after 3 months is shown in Figure 5.17 and 6 months in Figure 5.18. Most 

formulations developed mild yellowing or yellowing after six months, which can be attributed to cannabinoid 

oxidation in aqueous environments. Jaidee et al. (2022) reported that cannabinoid degradation is accelerated 

at elevated temperatures and under strongly acidic conditions, whereas physiological temperature (37 °C) 

and near-neutral pH slow the process. Similarly, Jeong et al. (2023) demonstrated that while mildly acidic to 

neutral conditions reduce the rate of cannabinoid breakdown compared to harsher environments, prolonged 

exposure still results in gradual degradation over time. Formulations containing Carbopol (G-C37TC, G-C37C, 

K-C3TC, K-C3C, KI-C5TC, KI-C5C) appeared slightly resistant to discolouration, indicated by their mild yellowish 

colour, possibly due to stronger polymer and drug interactions stabilizing the cannabinoids against oxidative 

stress. Furthermore, Carbopol-based formulations showed higher drug stability compared to HPMC-based 

counterparts.  

Carrageenan formulations with Carbopol (K-C3TC, K-C3C, KI-C5TC, KI-C5C) did not turn yellowish after 6 

months. This greater resistance might have been due to synergistic stabilizing effects. Carrageenan, a sulfated 

polysaccharide, possesses inherent antioxidant properties that scavenge free radicals and reduce redox 

potential, thereby mitigating oxidation processes that lead to coloured degradation products (Kalsi et al., 

2025). When combined with Carbopol, a high viscosity carbomer, this could have created a denser gel matrix 

that limits oxygen diffusion and enhances overall stability, preventing the gradual breakdown seen in other 

systems. 

With dual drug formulations (G-H4TC, G-C37TC, K-H28TC, K-C3TC, KI-H48TC, KI-C5TC), both cannabinoids 

showed gradual reduction in content over time, with around 20–35% loss by 6 months. CBD-only formulations 

(G-H4C, G-C37C, K-H28C, K-C3C, KI-H48C, KI-C5C) demonstrated better retention of CBD (70–80%) compared 

to THC-containing counterparts. This aligns with reports that THC is more vulnerable to oxidative, thermal, 

and light-induced degradation pathways than CBD. Specifically, Peschel (2016) highlighted that THC oxidizes 

into CBN during storage and is particularly sensitive to light and oxygen exposure, whereas CBD shows 

relatively higher stability under similar conditions 

All formulations retained strong gelling capacity (+++) across 6 months, indicating that the ion-activated in 

situ gelation mechanism remained robust despite drug degradation. 
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Table 5.14 Stability study of cannabinoid-loaded ion induced in situ gel formulations: changes in pH, appearance, drug content, and 
gelling capacity during 6 months of storage at room temperature (n = 3; mean ± SD). 

Formulation pH Appearance Drug content Gelling capacity 

% drug remaining  

1m 3m 6m 1m 3m 6m 1m 3m 6m 1m 3m 6m 

G-H4TC  6.4 6.33 6.32 Cream 
coloured 

Cream 
coloured 

Yellowish CBD 
98.33 
± 0.17 

CBD 
93.61 
± 0.61 

CBD 
79.99 
± 0.15 

+++ +++ +++ 

THC 
93.99 
± 0.28 

THC 
91.41 
± 0.24 

THC 
78.58 
± 0.61 

G-H4C  6.79 6.63 6.54 Cream 
coloured 

Cream 
coloured 

Yellowish CBD 
99.49 
± 0.37 

CBD 
98.63 
± 0.11 

CBD 
80.48 
± 0.52 

+++ +++ +++ 

G-C37TC   6.72 6.64 6.63 Cream 
coloured 

Cream 
coloured 

Mildly 
yellowish 

CBD 
88.58 
± 1.02 

CBD 
87.75 
± 0.13 

CBD 
65.44 
± 0.88 

+++ +++ +++ 

THC 
89.88 
± 1.22 

THC 
88.06 
± 0.19 

THC 
66.48 
± 0.21 

G-C37C  6.62 6.55 6.54 Cream 
coloured 

Cream 
coloured 

Mildly 
yellowish 

CBD 
92.11 
± 0.27 

CBD 
91.11 
± 0.31 

CBD 
70.37 
± 0.11 

+++ +++ +++ 

K-H28TC   6.68 6.56 6.54 Cream 
coloured 

Cream 
coloured 

Yellowish 98.28 
± 0.19 

92.22 
± 0.77 

78.67 
± 0.86 

+++ +++ +++ 

THC 
95.22 
± 0.81 

THC 
94.7 ± 
0.17 

THC 
70.58 
± 0.65 

K-H28C   6.48 6.4 6.36 Cream 
coloured 

Cream 
coloured 

Yellowish CBD 
96.45 
± 0.19 

CBD 
95.5 ± 
0.92 

CBD 
71.23 
± 0.27 

+++ +++ +++ 

K-C3TC  6.32 6.28 6.26 Cream 
coloured 

Cream 
coloured 

Mildly 
yellowish 

CBD 
97.57 
± 0.33 

CBD 
95.46 
± 0.31 

CBD 
76.45 
± 0.83 

+++ +++ +++ 

THC 
97.35 
± 0.66 

THC 
95.37 
± 0.22 

THC 
75.92 
± 0.17 

K-C3C   6.34 6.3 6.28 Cream 
coloured 

Cream 
coloured 

Mildly 
yellowish 

CBD 
97.99 
± 0.34 

CBD 
96.01 
± 0.43 

CBD 
80.48 
± 0.32 

+++ +++ +++ 

KI-H45TC  
 

6.66 6.6 6.56 Cream 
coloured 

Cream 
coloured 

Yellowish CBD 
90.54 
± 0.13 

CBD 
90.12 
± 0.65 

CBD 
60.58 
± 0.72 

+++ +++ +++ 

THC 
90.32 
± 0.99 

THC 
90.02 
± 0.44 

THC 
60.36 
± 0.54 

KI-H45C 
 

6.68 6.62 6.6 Cream 
coloured 

Cream 
coloured 

Yellowish CBD 
98.54 
± 0.21 

CBD 
94.24 
± 0.72 

CBD 
76.78 
± 0.33 

+++ +++ +++ 
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KI-C5TC  6.67 6.62 6.58 Cream 
coloured 

Cream 
coloured 

Mildly 
yellowish 

CBD 
96.43 
± 0.26 

CBD 
94.24 
± 0.63 

CBD 
74.56 
± 0.55 

+++ +++ +++ 

THC 
94.56 
± 0.53 

THC 
93.05 
± 0.39 

THC 
68.68 
± 0.74 

KI-C5C 6.42 6.4 6.38 Cream 
coloured 

Cream 
coloured 

Mildly 
yellowish 

CBD 
99.03 
± 0.43 

CBD 
98.84 
± 0.32 

CBD 
79.96 
± 0.31 

+++ +++ +++ 

 

 
Figure 5.17 Appearance of formulations after 3 months, (A) L, G-H4TC and R, G-H4C, (B) L, G-C37TC and R, G-C37C (C) L, K-H28TC 
and R, K-H28C, (D) L, K-C3TC and R, K-C3C (E) L, KI-H48TC and R, KI-H48C, (F) L, KI-C5TC and R, KI-C5C. 

 
Figure 5.18 Appearance of formulations after 6 months, (A) L, G-H4TC and R, G-H4C, (B) L, G-C37TC and R, G-C37C (C) L, K-H28TC 
and R, K-H28C, (D) L, K-C3C and R, K-C3TC (E) L, KI-H48TC and R, KI-H48C, (F) L, KI-C5C and R, KI-C5TC. 

5.4.10.1 Freeze dried ion induced in-situ gels with Carbopol. 

Carbopol-based gels were found to exhibit superior mechanical strength, mucoadhesion, and sustained 

cannabinoid release, and were used for stability testing in their freeze-dried form (Figure 5.19), as an 

alternative approach to potentially prolong formulation stability. After 6 months and upon rehydration, their 

sol-to gel transitions were evaluated, as well as their pH, drug content and stability. 

Sol-gel transitions 

 

 

 

 

Figure 5.19. Freeze dried in-situ gels after 6 months, (A) L, G-C37TC and R, G-C37C, (B) L, K-C3TC and R, K-C3C (C) L, KI-C5TC and R, 
KI-C5C. 

 

 

 

 

Figure 5.20. Sol-gel transition of rehydrated gels upon the addition of artificial saliva after 6 months, (A) L, G-C37TC and R, G-C37C, 
(B) L, K-C3TC and R, K-C3C (C) L, KI-C5TC and R, KI-C5C. 

A B C 

A B C 
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All the formulations were successfully rehydrated with distilled water, and gelled upon the addition of artificial 

saliva, as shown in Figure 5.20. Results of the sol-gel transition time are highlighted in Table 5.15. Across all 

formulations, freeze-dried gels demonstrated sol–gel transition times that were comparable to or slightly 

shorter than those of their in-situ counterparts. This pattern was supported by literature on similar polymeric 

systems. Studies have identified that freeze-drying method can introduce microstructural changes, which 

could influence gelation kinetics upon rehydration (Cassanelli, Norton, et al., 2018). Faster gelation time 

observed could be attributed to the porous structure of freeze dried gels that accelerate water uptake and 

potentially facilitate quicker gelation (Barbara Vigani et al., 2020). 

Table 5.15. Sol–gel transition times of Carbopol-based in-situ gels compared with their corresponding freeze-dried and rehydrated 
gels in artificial saliva (n = 3; mean ± SD). 

Formulation Code Sol–gel transition time (s, ± SD) 

In-situ gels 

Sol–gel transition time (s, ± SD) 

Freeze-dried gels 

G-C37TC 33.0 ± 2.60 32 ± 1.2 

G-C37C 32.0 ± 1.80 31.8 ± 2.10 

K-C3TC 7.5 ± 1.30 7 ± 1.11 

K-C3C 9.0 ± 2.00 8.8 ± 2.00 

KI-C5TC 12.2 ± 1.10 12 ± 2.20 

KI-C5C 19.6 ± 1.50 19 ± 0.95 

 

pH, drug content, and gelling capacity of rehydrated in-situ gels. 

The stability of freeze-dried Carbopol-based gels was assessed over six months at room temperature (25 °C), 

with evaluation of pH, drug content, and gelling capacity (Table 5.16). All formulations were found to maintain 

pH values between 6.4 and 6.7 after six months. Drug content analysis demonstrated high retention, with 

most formulations preserving a higher percentage of initial cannabinoid load after six months compared with 

in-situ gels that were not freeze dried. Formulations also retained strong gelling capacity, consistently scoring 

+++, confirming that the ion-responsive sol–gel transition behaviour was preserved following six months of 

storage.  

Previous studies have demonstrated that lyophilization improves the stability of hydrophobic drugs and 

facilitates long-term storage by minimizing drug degradation. This is particularly relevant for formulations 

prone to hydrolytic, oxidative, or thermal degradation, as the removal of water during freeze-drying 

significantly slows these chemical processes. In addition to chemical stabilization, freeze-drying also preserves 

the physical structure of gels, maintaining the porous network and preventing collapse or aggregation that 
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could compromise gelation or drug release. By mitigating both chemical and physical instabilities that 

commonly occur during storage, freeze-drying not only enhances the shelf-life of pharmaceutical products 

but also helps retain their therapeutic efficacy upon reconstitution (Abla & Mehanna, 2022; Odziomek et al., 

2024). 

Table 5.16 Stability evaluation of freeze-dried Carbopol-based cannabinoid in-situ gels after six months of storage at 25 °C. Data are 
expressed as pH, percentage of drug remaining, and gelling capacity in artificial saliva (n = 3; mean ± SD). 

Formulation pH (6 m) Drug content (% remaining) Gelling capacity 

G-C37TC 6.71 98.02 ± 0.66 CBD +++ 

96.33 ± 0.31 THC 

G-C37C 6.59 94.02 ± 0.52 CBD +++ 

K-C3TC 6.61 98.12 ± 0.4 CBD +++ 

94.37 ± 0.73 THC 

K-C3C 6.40 95.34 ± 0.88 CBD +++ 

KI-C5TC 6.45 98.34± 0.26 CBD +++ 

96.8 ± 0.36 THC 

KI-C5C 6.40 97.96 ± 0.08 CBD +++ 

 

5.5 Conclusions 

The evaluation of cannabinoid-loaded ion-induced in-situ gelling formulations underscores their potential as 

effective buccal delivery systems, with polymer composition exerting a profound influence on 

physicochemical properties. All formulations, comprising gellan gum, κ-carrageenan, or mixed κ/ι-

carrageenan combined with HPMC or Carbopol, exhibited uniform appearance and consistent drug content, 

ensuring efficient cannabinoid incorporation without precipitation. pH profiling demonstrated compatibility 

with the buccal mucosa, minimizing irritation risk, supporting their suitability for clinical administration. 

Gelation and rheological characterization revealed formulation-dependent distinctions. Carbopol-based 

systems displayed rapid gelation and elevated viscosity, indicative of stronger intermolecular interactions and 

enhanced gel strength, whereas HPMC-based gels showed slower gelation and lower viscosity. Mixed κ/ι-

carrageenan formulations provided an optimal balance between rigidity and elasticity, with intermediate 

gelation times and superior viscosity. The co-presence of CBD and THC increased overall gel viscosity, 

suggesting a reinforcing effect of THC on the polymer network. 
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Mechanical and mucoadhesive evaluation highlighted that Carbopol-based gels exhibited superior hardness, 

cohesion, and mucoadhesive strength, with mixed κ/ι-carrageenan systems achieving the highest 

mucoadhesion through dense, elastic networks. Gellan gum formulations, although mechanically robust due 

to divalent cation crosslinking, demonstrated moderate mucoadhesion in comparison to the lower strength 

observed for κ-carrageenan based formulations. These findings indicate that Carbopol and mixed carrageenan 

systems are particularly effective in sustaining buccal contact, a critical determinant of prolonged drug 

absorption. 

Drug release and penetration studies demonstrated that HPMC-based formulations facilitated faster 

cannabinoid release and higher mucosal permeation, attributable to their lower viscosity and less compact 

gel networks. In contrast, Carbopol-based formulations exhibited slower, more controlled release profiles, 

consistent with their denser networks, while mixed κ/ι-carrageenan systems supported enhanced release and 

penetration owing to their porous yet elastic structures. CBD consistently displayed faster release and 

penetration than THC, reflecting the hydrophobicity and limited diffusivity of THC. Stability studies confirmed 

maintenance of gelling properties and pH over time. However, cannabinoid degradation was observed after 

6 months, highlighting the need for techniques to preserve cannabinoid integrity. 

Freeze-drying emerged as an effective approach to improve the long-term stability of Carbopol-based gels. 

Upon rehydration, the formulations were found to maintain sol–gel transition times, pH, and gelling 

behaviour comparable to those of freshly prepared gels. Additionally, they exhibited higher drug retention 

after six months. These suggest that the structural integrity of the ion-responsive network is preserved during 

drying and rehydration, thereby enabling prolonged storage without compromising performance. 

Overall, Carbopol-based mixed κ/ι-carrageenan formulations (KI-C5TC, KI-C5C) emerged as the most 

promising candidates for buccal cannabinoid delivery, combining rapid gelation, high viscosity, strong 

mechanical integrity, and robust mucoadhesive properties, thereby ensuring prolonged mucosal retention 

and sustained drug release. While HPMC-based gels offer faster release, their comparatively lower 

mucoadhesion and gel strength limit their potential for extended delivery. Collectively, these findings 

demonstrate that ion-induced in-situ gels can be strategically engineered to achieve controlled, stable, and 

effective buccal delivery of cannabinoids. 
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5. Chapter 6: Development and Characterization of 3D-Printed 

Mucoadhesive Buccal Films of Cannabinoids 
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Abstract 

Three-dimensional (3D) printing has emerged as a versatile platform in pharmaceutical sciences, enabling 

precise fabrication of personalized dosage forms with controlled drug release and tailored properties. This 

study aimed to develop mucoadhesive buccal films for cannabinoid delivery using extrusion-based 3D 

bioprinting, incorporating cannabidiol (CBD) and tetrahydrocannabinol (THC) as cyclodextrin inclusion 

complexes, with HPMC or Carbopol as mucoadhesive polymers and terpenes as permeation enhancers. 

Bioinks were prepared and characterised for viscosity, pH, and drug content before printing films under 

optimized conditions. The 3D-printed films were evaluated for mechanical and physicochemical 

characteristics, as well as in vitro drug release and ex vivo buccal mucosal penetration of cannabinoids. HPMC-

based films, with bioinks exhibiting good printability, demonstrated superior mechanical strength, cohesive 

and elastic matrices, and sustained, non-Fickian release of cannabinoids, while significantly enhancing ex vivo 

cannabinoid permeation compared to unformulated drugs. In contrast, Carbopol-based films, despite their 

higher mucoadhesive strength, showed weaker mechanical properties, faster erosion-driven release, and 

poorer printability of the corresponding bioinks. Overall, these findings highlight the potential of HPMC-based 

3D-printed buccal films as an effective platform for transmucosal cannabinoid delivery. 
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6.1 Introduction 

Three-dimensional (3D) printing has emerged as a transformative technology in pharmaceutical sciences, 

facilitating the rapid fabrication of complex, personalized therapeutics with high precision. This approach is 

particularly advantageous for a diverse range of drugs, as it allows meticulous control over drug loading, 

uniform distribution, and release kinetics, ensuring consistent and predictable therapeutic outcomes. Also 

referred to as additive manufacturing, 3D printing constructs dosage forms through a layer-by-layer 

deposition process, enabling intricate geometries and tailored drug delivery profiles. The practical 

applicability of 3D printing for producing personalized pharmaceutical dosage forms has been formally 

recognized, as demonstrated by the FDA’s approval of Spritam (levetiracetam) in 2015. This 3D-printed 

orodispersible tablet highlighted the ability of additive manufacturing to create complex, patient-friendly 

dosage forms with precise drug content, rapid disintegration, and tailored release characteristics, opening 

opportunities in 3D-printed pharmaceuticals (Abdella et al., 2024; Fitzgerald, 2015; Kulkarni et al., 2024; 

Wang et al., 2023).  

A variety of 3D printing technologies have been employed in pharmaceutical sciences to develop innovative 

dosage forms. Among the most established methods, fused deposition modelling (FDM) extrudes 

thermoplastic drug–polymer filaments layer by layer to produce tablets and implants, though its reliance on 

high temperatures limits application with thermolabile drugs (Elkanayati et al., 2022; Shipp et al., 2022). Semi-

solid extrusion (SSE) overcomes this issue by extruding drug-loaded gels or pastes at ambient or slightly 

elevated temperatures, enabling incorporation of sensitive actives and excipients, and has been widely 

applied to fabricate oral dispersible films, chewable formulations, and personalized paediatric medicines 

(Aina et al., 2025; Cerveto et al., 2024). Other laser or light-based methods, including selective laser sintering 

(SLS) and stereolithography (SLA), offer excellent resolution and the ability to tailor porosity or 

microstructure, but are constrained by the need for pharmaceutically compatible photopolymers and heat-

stable drugs (Afridi et al., 2024; Lakkala et al., 2023). Binder jetting and direct powder extrusion (DPE) 

represent additional approaches with lower thermal input, although challenges remain in these relatively 

new techniques and further studies are needed to determine their effectiveness in development of dosage 

forms with uniform drug distribution (Milliken et al., 2024). Such methods have enabled the creation of 

dosage forms ranging from fast-dissolving tablets to controlled-release systems, underscoring the versatility 

of additive manufacturing in advancing personalized medicine. 

While these technologies demonstrate the feasibility of additive manufacturing for pharmaceuticals, their 

reliance on thermoplastics, resins, or powders presents challenges in incorporating mucoadhesive polymers 

and hydrophilic drug carriers. To address this, extrusion-based 3D bioprinting has emerged as a promising 

alternative (Aguilar-de-Leyva et al., 2020; Azad et al., 2020; Park et al., 2019). Bioprinting (extrusion-based) is 

an advanced form of 3D printing that is widely used for the fabrication of biomaterials and scaffolds and has 

also shown potential for developing drug delivery systems under mild conditions such as the absence of heat, 
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making it suitable for sensitive active pharmaceutical ingredients (APIs). This technique relies on bioinks, 

which are printable materials such as hydrogels or polymer solutions that can be extruded under mild 

conditions to form films, patches, or scaffolds suitable for drug delivery (Tejada Jacob et al., 2022). 

Within mucosal drug delivery, particularly via the buccal route, extrusion bioprinting offers unique advantages 

by enabling the fabrication of mucoadhesive films, patches, or scaffolds with precise control over thickness, 

porosity, and drug loading. Buccal films are advantageous because they are thin, flexible, and discreet, which 

improves patient compliance across vulnerable populations such as paediatric, geriatric, and dysphagic 

patients. Their ease of administration, without the need for water, further enhances convenience and 

acceptability. Importantly, bioprinting allows the tailoring of these films to achieve either rapid drug release 

for immediate therapeutic action or sustained release for prolonged exposure, depending on the therapeutic 

requirements (de Carvalho et al., 2023). Several studies have demonstrated the potential of extrusion-based 

3D printing and bioprinting for single or multi-layered buccal film fabrication, highlighting their utility in 

precise drug deposition and individualized therapy (Jovanović et al., 2021; Shipp et al., 2022; Erica Sjöholm & 

Niklas Sandler, 2019).  

The incorporation of mucoadhesive polymers in buccal film formulations significantly enhances their 

performance by ensuring intimate contact with the buccal mucosa, thereby prolonging residence time and 

enabling controlled drug delivery. These polymers facilitate the adhesion of the film to the mucosal surface, 

allowing for sustained drug release and improved therapeutic efficacy. Various mucoadhesive polymers have 

been utilized as the backbone of buccal films, including natural, synthetic, and semi-synthetic polymers. 

Natural polymers such as chitosan and sodium alginate offer biocompatibility and biodegradability, while 

synthetic polymers like polyacrylic acid (Carbopol) and polyvinyl alcohol provide desired mechanical 

properties and mucoadhesive strength. Semi-synthetic polymers, such as hydroxypropyl methylcellulose 

(HPMC), combine the advantages of both natural and synthetic polymers, offering versatility in formulation 

design. Such polymers in addition with other excipients used can be used achieve optimal film characteristics 

tailored to specific drug delivery requirements (Karki et al., 2016; Landová et al., 2013; Shipp et al., 2022).  

Additive manufacturing techniques have substantially advanced cannabinoid formulation strategies by 

enabling precise control over drug dosage, release kinetics, and structural design in pharmaceutical 

applications. Several studies have demonstrated the potential of 3D printing for cannabinoid delivery. 

Gościniak et al. (2024) fabricated bi-gel systems of cannabidiol (CBD)-rich hemp extracts with hyaluronic acid, 

while Antezana et al. (2022) developed gelatine-alginate scaffolds loaded with Cannabis sativa oil for 

enhanced wound repair, and Jennotte et al. (2023) used FDM to fabricate immediate-release oral CBD dosage 

forms with tailored solid dispersions. To address the poor solubility and limited bioavailability of 

cannabinoids, various strategies such as complexation with cyclodextrins or entrapment in nanoparticles have 

been explored. Andriotis et al. (2020) developed pectin-honey inks containing CBD–β-cyclodextrin complexes, 

which were printed using semi-solid extrusion-based printing for oral drug delivery. Similarly, P. K. Monou et 
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al. (2022) fabricated alginate films incorporating CBD/CBG nanoparticles to support wound healing due to 

their bioactive and mucoadhesive properties. Despite these advances, research on 3D-printed films for buccal 

cannabinoid delivery remains limited. Research by Abdella et al. (2024) addressed this by producing 

hydroxyethyl cellulose (HEC)-based gels loaded with CBD nanostructured lipid carriers (NLCs) using pressure-

assisted micro-syringe extrusion, yielding thin, mucoadhesive films suitable for buccal administration.  

Building on these previous findings, in this study, extrusion-based bioprinting was employed to fabricate 

mucoadhesive buccal films of cannabinoids. Cannabinoids were incorporated as cyclodextrin inclusion 

complexes to enhance solubility and stability, while HPMC or Carbopol served as mucoadhesive polymers to 

prolong residence time on the buccal mucosa. Additionally, terpenes (3.125% 1,8-cineole, 0.625% d-

limonene, 0.625% L-menthol, and 0.625% α-pinene) were incorporated as permeation enhancers to improve 

drug absorption. This approach aims to combine the precision and versatility of 3D bioprinting with 

mucoadhesive polymeric matrices to achieve controlled release, sustained mucoadhesion, and improved 

bioavailability of cannabinoids via the buccal route, while also promoting high patient compliance. 

6.2 Materials and methods 

Hydroxypropyl methyl cellulose (HPMC) was purchased from Sigma-Aldrich, New Zealand. Carbopol 934P 

(Serva) from DKSH LabShop, New Zealand, D-Limonene from Thermo Fisher, New Zealand, 1,8- cineole, α-

Pinene from Sigma-Aldrich, New Zealand, and l-Menthol from Chem express supplied by Focus Bioscience, 

Australia. Phosphate buffered saline (PBS) tablets (pH 7.4), Poly-ethylene glycol (PEG 400), HP-β-CD, and 

acetonitrile were purchased from Sigma-Aldrich, New Zealand. Pure isolated CBD and distilled oil of THC were 

provided by Helius Therapeutics Ltd, New Zealand. All other reagents used were of analytic grade.  

Artificial saliva was prepared by dissolving 1.5% w/v potassium chloride (KCl), 0.43% w/v sodium chloride 

(NaCl), 0.22% w/v calcium chloride (CaCl₂), 0.42% w/v sodium bicarbonate (NaHCO₃), and an appropriate 

amount of sodium dihydrogen phosphate monohydrate (NaH₂PO₄·H₂O) in distilled water (B. Vigani, S. Rossi, 

et al., 2019). 

6.2.1 Preparation of Mucoadhesive bioinks  

HPMC or Carbopol (1-5 % w/v) were weighed and gradually dispersed in distilled water under continuous 

magnetic stirring at room temperature to prevent clumping, forming a homogenous polymeric solution. To 

this, polyethylene glycol 400 (PEG 400) was added as the plasticizer at 5/10% v/v. Cannabinoids, either CBD 

alone or a combination of CBD and THC in the form of inclusion complexes with HP-β-CD, were introduced 

into the solution at a final concentration of 20 mg/ml under gentle stirring. Then Mannitol (200 mg) was 

incorporated as a sweetener, and terpenes (D-limonene, L-menthol, α-pinene, and 1,8-cineole) were added 

as permeation enhancers. The complete mixture was homogenized using a magnetic stirrer for 30–45 minutes 

until a uniform bioinks were obtained. The prepared bioinks were loaded into syringe cartridges for 
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immediate printing or stored at 4 °C for further use. The procedure was developed based on modifying the 

methods reported in previous studies involving either cannabinoids or the fabrication of buccal films using 

mucoadhesive polymers (Abdella et al., 2024; Tagami et al., 2019). pH of the bioinks were adjusted to 6.4 

using triethanolamine. The composition and concentration of the bioink components of cannabinoid-loaded 

mucoadhesive buccal films are summarized in Table 6.1. 

Table 6.1. Composition of bioinks used for extrusion-based 3D bioprinting of cannabinoid-loaded mucoadhesive buccal films. 

Component Type / Description Concentration / Amount 

Mucoadhesive polymer(s) HPMC 1–5% (w/v) 

 

Carbopol 1–5% (w/v) 

Plasticizer PEG 400 5, and 10% (v/v) 

Sweetener Mannitol 200 mg 

Drug + Cyclodextrin HP-β-CD with CBD, HP-β-CD with THC 20 mg/mL, 1:1 molar ratio 

Permeation enhancer D-Limonene, L-Menthol, α-Pinene, 1,8-Cineole C: 3.125% (w/v); L, P, M: 0.625% (w/v) each 

 

6.2.1.1 Viscosity of bioinks  

The viscosity of the prepared bioinks was measured using a Brookfield RST-SST rheometer fitted with a 

rotating ramp measuring spindle. Viscosity values were recorded were at a constant shear rate of 100 s⁻¹ to 

assess the flow properties and suitability of the bioinks for extrusion-based 3D bioprinting.  

6.2.2 Bioprinting mucoadhesive films of cannabinoids 

The design of the buccal films was created using SolidWorks software, establishing a film model with 

dimensions of 20 × 20 × 0.35 mm. The 3D computer-aided design (CAD) model was exported in STL file format 

and uploaded to Slice3r software, which converted the design into a layer-by-layer instructional format (G-

code) required for printing. Repetier-Host software was employed to fine-tune printing parameters, including 

extrusion pressure, and printing speed, ensuring optimal deposition of the bioink. The generated G-code from 

Slice3r was used by the Allevi 3D bioprinter to fabricate the buccal films. Printing was performed on individual 

glass slides covered with adhesive tape to facilitate easy detachment post-printing. The bioinks were extruded 

using a previously optimized 25 G needle, selected based on the flow and rheological properties of the 

formulations. Following printing, all films were air-dried in the dark for 48 hours to achieve structural stability. 

The dried films were subsequently stored in a dark environment for further evaluations.  
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6.2.3 Determining pH, drug content, and weight of printed films. 

The pH of the developed bioinks was measured using a calibrated bench-top pH meter (Interlab, New 

Zealand) to ensure compatibility of printed films with the buccal mucosa. The drug content of the films was 

quantified using the procedure described in Section 4.2.2, employing high-performance liquid 

chromatography (HPLC) to confirm accurate and uniform incorporation of the active cannabinoid compounds. 

Printed films were weighed using an electronic balance.  

6.2.4 Mechanical properties of the films. 

Mechanical properties of the films were determined using a texture analyser (Stable Micro Systems, UK) fitted 

with a 50 N load cell and using a stainless-steel spherical probe of 2mm diameter to compress each sample, 

as described previously in section 4.2.4. 

6.2.5 Mucoadhesive strength of cannabinoid loaded films. 

The mucoadhesive strength of the optimized 3D printed buccal films was assessed using freshly excised 

porcine buccal mucosa. A texture analyser (Stable Micro Systems, UK) was employed to measure the force 

required to detach the films from the mucosal surface, providing a quantitative assessment of their adhesion. 

The procedure followed the methodology outlined in Section 4.2.5. 

6.2.6 Swelling ratio and dissolution time of printed films 

The 3D printed buccal films were first weighed (W₁) and placed inside plastic tissue cassettes. The cassettes 

were then immersed in artificial saliva at 37°C for 1 hour. After incubation, the films were carefully removed, 

gently blotted with tissue paper to remove excess surface fluid, and weighed again using a digital balance 

(W₂). The degree of swelling, representing the fractional increase in weight of the films due to saliva 

absorption, known as the swelling ratio, was calculated using Equation 6.1 (Yildiz Pekoz et al., 2015). 

Equation 6.1 Swelling ratio =  
Wt−W0

W0
× 100 

Where, W0 is the initial dry weight and Wt is the weight of the swollen sample at time t. 

The dissolution time of the 3D printed buccal films was evaluated using simulated saliva (pH 6.8) at 37 ± 0.5 °C 

to mimic physiological conditions. A single film was carefully placed in a Petri dish containing 10 mL of the 

medium. The film was observed continuously for signs of softening, swelling, disintegration, or complete 

dissolution. Gentle agitation was applied intermittently to simulate oral movements. The time taken from 

initial contact with the medium until complete disintegration or dissolution of the film was recorded as the 

dissolution time. Each formulation was tested in triplicate, and the average dissolution time was calculated 

(J.-H. Lee et al., 2022). 
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6.2.7 In-vitro drug release and drug release kinetics 

The in vitro release of cannabinoids from the 3D printed buccal films was evaluated using a Franz diffusion 

cell apparatus (Orchid Scientific, India) fitted with dialysis membranes (MWCO 14,000 Da). drug release 

kinetics was analysed using KinetDS software 3.0 (rev. 2010). These were conducted following the procedure 

described in Section 5.2.6. 

6.2.8 FTIR of 3D printed cannabinoid films 

FTIR analysis of the optimized 3D printed buccal films was performed using a Thermo Scientific FTIR 

spectrometer (Nicolet iS10, USA). The films were analysed to evaluate possible interactions between 

cannabinoids in inclusion complexes and mucoadhesive polymers, following the procedure outlined in 

Section 4.2.7. 

6.2.9 SEM of 3D printed cannabinoid films 

The surface morphology of the 3D printed films was examined using SEM. Samples were coated with a thin 

layer of platinum using an ion sputter coater (Hitachi E-1045) and imaged with a Schottky field emission 

scanning electron microscope (Thermo Scientific, HITACHI SU-70), as described in Section 5.2.8. 

6.2.10 Ex-vivo penetration of cannabinoids from buccal films 

Ex-vivo permeation of cannabinoids from the 3D printed films was evaluated using freshly excised porcine 

buccal mucosa mounted on a Franz diffusion cell apparatus (Orchid Scientific, India). The procedure followed 

the methodology outlined in Section 3, allowing assessment of drug penetration and absorption potential 

across the buccal mucosa. 

6.3 Statistical analysis 

Experimental data were processed and analysed using R programming and GraphPad Prism software (version 

10.2.3). For datasets meeting the assumptions of normality and homogeneity of variances, statistical 

significance was determined using one-way analysis of variance (ANOVA). In cases where these assumptions 

were violated, the non-parametric Kruskal–Wallis test was employed. When significant differences were 

detected, post hoc comparisons were conducted using Tukey’s multiple comparison test. A probability value 

of P < 0.05 was considered indicative of statistical significance. 

6.4 Results and discussion 

6.4.1 Viscosity of prepared bioinks  

The viscosity of HPMC- and Carbopol-based bioinks (1-5% w/v) was evaluated at 100 s⁻¹ shear rate to 

determine the influence of polymer concentration suitable for bioink preparation. In both polymer systems, 

viscosity increased in a concentration-dependent manner, shown in Figure 6.1. Carbopol-based bioinks 
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exhibited greater viscosity than HPMC-based bioinks, consistent with prior studies indicating that Carbopol is 

more viscous than HPMC at equivalent concentrations (E. Özyılmaz et al., 2024; Wu et al., 2007). 

 

 

 

 

 

 

 

 

Figure 6.1 Viscosity profiles of bioinks containing either CBD-only or combined CBD and THC inclusion complexes at 100 s⁻¹; (A) 
HPMC-based and (B) Carbopol based bioinks (n = 3; mean ± SD). Statistical significance between CBD-only and CBD+THC 
formulations is indicated (*p < 0.05, **p < 0.01, ****p < 0.0001). 

In both the bioinks, the addition of THC alongside CBD consistently increased viscosity compared to CBD-only 

formulations, indicating increased interactions from the added THC-cyclodextrin complex strengthening the 

polymer network in solution. These findings confirm that both polymer concentration and drug loading 

significantly influence rheological behaviour. From a formulation perspective, viscosity must be carefully 

optimized, as excessively low viscosity results in poor print fidelity and inadequate mucoadhesion, while 

overly high viscosity impairs extrusion, increases nozzle clogging risk, and may reduce patient acceptability or 

drug release rates (Tejada-Ortigoza & Cuan-Urquizo, 2022; Than et al., 2022). Based on these considerations, 

3% and 4% concentrations of both the polymers were selected for printing buccal films. Selected polymer 

concentration and drug composition is presented in Table 6.2. 

Table 6.2 Composition of 3D printing inks with different mucoadhesive polymers and cannabinoid inclusion complexes. 

Code Mucoadhesive Polymer Drug in inclusion complex 

H3C 3% HPMC CBD (20 mg/ml) 

H4C 4% HPMC CBD (20 mg/ml) 

H3TC 3% HPMC THC + CBD (1:1, 20 mg/ml total) 

H4TC 4% HPMC THC + CBD (1:1, 20 mg/ml total) 

C3C 3% Carbopol CBD (20 mg/ml) 

C4C 4% Carbopol CBD (20 mg/ml) 

C3TC 3% Carbopol THC + CBD (1:1, 20 mg/ml total) 

C4TC 4% Carbopol THC + CBD (1:1, 20 mg/ml total) 

(A) (B) 
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6.4.2 Three-dimensional printing 

6.4.2.1 Concentration of plasticizer (PEG) on printability of buccal films 

The influence of PEG concentration on the printability and film quality of HPMC-based bioinks was 

investigated as shown in Table 6.3. Previous research has indicated that identifying that PEG levels are crucial 

to balance extrusion performance with final film stability (Saringat et al., 2005). At 10% PEG, HPMC-based 

inks printed well (Figure 6.2 A), but produced sticky films upon drying as shown in Figure 6.2 (B), suggesting 

excess plasticizer compromised structural stability. In contrast, as highlighted in Figure 6.2 (C) and (D), 

reducing the PEG concentration to 5% resulted in smooth, uniform prints with stable films after drying. Based 

on these findings, 5% PEG was selected as the optimal plasticizer concentration for further studies. This 

concentration was subsequently employed in both HPMC- and Carbopol-based bioinks to balance print 

fidelity, mechanical strength, and post-drying stability of the 3D-printed buccal films. 

Table 6.3 Optimization of PEG concentration for extrusion-based 3D printing of buccal films (n = 3; mean ± SD). 

Ink Composition Temperature 

(°C) 

Nozzle Speed Pressure 

(PSI) 

Observations 

HPMC 4% + PEG 

10% 

21.9–21.0 25G 6 24.6 ± 0.3 Good print (thin). Films sticky upon drying due to 

excess PEG. 

HPMC 4% + PEG 

5% 

20.0–19.0 25G 6 37.8 ± 0.2 Perfect print (smooth, uniform lines). Stable films 

post-drying. 

 

 

 

Figure 6.2. Effect of PEG concentration on the morphology of 3D-printed films before and after drying. (A) Film printed with 4% 
HPMC and 10% PEG before drying; (B) film printed with 4% HPMC and 10% PEG after drying; (C) film printed with 4% HPMC and 5% 
PEG before drying; (D) film printed with 4% HPMC and 5% PEG after drying. 

All optimised printing parameters, including extrusion pressure, speed, temperature, and nozzle 

specifications, are summarised in Table 6.4. 

Table 6.4 Printing parameters of different ink compositions, including temperature range, nozzle size, printing speed, and applied 
pressure during material extrusion 3D printing (n = 3; mean ± SD). 

Ink Composition Temperature (°C) Nozzle Speed (mm/s) Pressure (PSI) 

C3C 21.5–22.5 25G 6 10.1 ± 0.1 

C4C 21.4–22.9 25G 6 11.6 ± 0.7 

C3TC 21.3–22.8 25G 6 8 ± 0.6 

A B C D 

(A) (B) (C) (D) 
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C4TC 21.9–23.8 25G 6 9.9 ± 0.9 

H3C 21.5–23.6 25G 6 31.4 ± 0.5 

H4C 20.4–21.3 25G 6 39.7 ± 0.7 

H3TC 21.4–21.7 25G 6 33.1 ± 0.8 

H4TC 21.9 25G 6 40 ± 0.2 

 

All inks were printed at ambient conditions (around 20–24 °C), with only minor variation across formulations. 

The narrow range indicates that temperature was well controlled and unlikely to have significantly influenced 

printability differences. A constant nozzle size (25G) and print speed (6 mm/s) were used for all formulations, 

meaning that differences in extrusion pressure directly reflect formulation-dependent viscosity and 

flowability. Increasing polymer concentration from 3% to 4% led to a marked rise in extrusion pressure, 

consistent with viscosity data. Carbopol inks (C3C, C4C, CT3, CT4) required low extrusion pressures of 8–11.6 

PSI, while HPMC-based required substantially higher extrusion pressures of 31–40 PSI. This discrepancy can 

be attributed to their rheological behaviour, as Carbopol dispersions display strong shear-thinning, where the 

swollen microgel network collapses under shear and flows readily once the yield stress is overcome (Barreiro 

Carpio et al., 2023). However, upon drying, bioinks containing 3% or 4% w/v Carbopol with the dual drug 

combination (CBD and THC) exhibited structural instability, characterised by deformation, shrinkage, and loss 

of shape fidelity, while the CBD-only counterparts showed poor structural integrity due to low printability. 

Barreiro Carpio et al. (2023) have highlighted in their research that Carbopol inks, while easier to extrude due 

to strong shear-thinning behaviour, often exhibited poor dimensional stability post-printing due to insufficient 

structural recovery of the gel network.  

As shown in Figure 6.3, Carbopol-based buccal films (C3C and C4C) failed to retain their shape, whereas 

HPMC-based films (H3C, H4C, H3TC, and H4TC) maintained their shape and consistency after drying. HPMC 

polymer has the ability to form a continuous and entangled chain network, which can resists alignment within 

the nozzle, resulting in higher flow resistance and greater extrusion pressures despite lower bulk viscosity 

values (Vlad et al., 2025). Resisting excessive chain alignment under shear reduces entanglement and 

compromises structural recovery after extrusion. Notably, the higher extrusion resistance of HPMC was 

accompanied by superior filament formation and print fidelity, with structures retaining their shape more 

effectively after deposition.  
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Figure 6.3. 3D-printed buccal cannabinoid films; (A) C3C, (B) C4C, (C) H3C, (D) H4C, (E) H3TC, and (F) H4TC. 

6.4.3 pH, drug content, and weight of the buccal films 

Drug content, dried film weight of the 3D printed films was determined, along with the pH of the bioinks. 

These are shown in Table 6.5. The pH of the bioinks ranged from 5.99 to 6.80, falling within or close to the 

physiological salivary pH range (6.2–7.4) (Aframian et al., 2006; He & Mu, 2023; Li & Castillo, 2020), upon 

adjusting using triethanolamine (TEA) as a neutralizing agent. Drug loading per 200 µL bioink was consistent 

across formulations. CBD-only systems showed approx. 4 mg CBD content, while dual cannabinoid systems 

(H3TC, H4TC) exhibited approx. 2 mg CBD and 2 mg THC each. The dried film weights ranged between 16.9 

and 27.4 mg depending on polymer type and concentration. Carbopol-based films (C3C, C4C) had higher 

weights (26–27 mg) compared to HPMC-based films (17–23 mg). This difference can be attributed to 

Carbopol’s higher water-binding capacity due to the presence of carboxylic groups, which absorbs high 

volume of water (George et al., 2025). This could have allowed Carbopol based films to retain more residual 

moisture even after drying, increasing the final weight. An increase in polymer concentration was associated 

with higher film weight, contributing to the development of more compact and densely printed structures. 

Similar findings have been reported by Panraksa et al. (2021), who also observed that higher polymer content 

results in greater solid mass of printed films. 

Together, these findings show that both Carbopol and HPMC systems successfully produced films with 

physiologically acceptable pH, and consistent drug content, for buccal administration. 

Table 6.5 pH, drug content, and weight of dried 3D-printed buccal cannabinoid films (n = 3; mean ± SD). 

Ink Composition pH Drug Content (per 200 µL) Weight of Dried Films (mg) 

C3C 6.57 ± 0.36 4.06 ± 1.88 mg CBD 26.2 ± 0.3 

C4C 6.34 ± 0.18 4.01 ± 1.05 mg CBD 27.4 ± 0.5 

H3C 6.80 ± 0.01 4.05 ± 0.67 mg CBD 16.9 ± 0.8 

H4C 6.40 ± 0.04 4.01 ± 0.029 mg CBD 22.8 ± 0.1 

H3TC 6.10 ± 0.28 2.01 ± 0.82 mg CBD, 

2.07 ± 0.32 mg THC 

20.9 ± 0.9 

A B C D 

E F 

(A) 
(B) (C) (D) 

(E) (F) 
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H4TC 5.99 ± 0.07 2.03 ± 0.64 mg CBD, 

2.00 ± 0.11 mg THC 

26.5 ± 0.2 

 

6.4.4 Mechanical properties of 3D printed films 

Mechanical properties (hardness, springiness, and cohesion) of the 3D printed buccal films are represented 

in Table 6.6. HPMC films exhibited significantly higher hardness values (6.59–7.38 N) compared to Carbopol 

films (2.48–4.04 N). The greater hardness of HPMC matrices reflects their stronger polymer chain 

entanglement and denser film structure after drying, which improves mechanical robustness and handling, 

while Carbopol films (C3C and C4C) had reduced hardness. The improved structural integrity of HPMC-based 

films can be attributed to their inherent capacity to form dense, cohesive matrices during drying, driven by 

extensive polymer chain entanglement and tighter structural packing (Guo et al., 2022). In a study by Peh and 

Wong (1999), incorporation of Carbopol 934P into cellulose-based buccal films was found to reduce their 

mechanical strength, resulting in the formation of softer, more flexible films. Previous studies have shown 

that HPMC enhances the mechanical properties of films, with strength increasing in proportion to polymer 

concentration (Asatiani et al., 2023; Guo et al., 2022). A similar trend was observed in this study, where raising 

the HPMC concentration from 3% to 4% led to a general increase in hardness, indicating improved resistance 

to deformation.  

Cohesion values reflect the internal bonding strength of the film matrix and its ability to resist structural 

breakdown under deformation. Cohesion values ranged from 0.824 to 0.999, with HPMC films displaying 

higher cohesiveness (0.88–1.00) than Carbopol films (0.82–0.90). This suggests that HPMC provides stronger 

internal bonding within the film matrix, allowing it to resist fracture during handling and buccal adhesion, 

consistent with previous studies highlighting the role of HPMC in enhancing film cohesiveness (Vlad et al., 

2025). THC-containing formulations (H3TC, H4TC) also demonstrated improved cohesion, likely due to 

stabilizing interactions of dual cannabinoid–cyclodextrin complexes within the polymer network.  

Springiness followed a clear trend with HPMC films were more elastic (99–100%) compared to Carbopol films 

(78–82%). Consistent with previous reports, HPMC was generally associated with the formation of more 

flexible films (Vlad et al., 2025). Carbopol, being a highly crosslinked poly (acrylic acid) (Shelke, 2016), might 

form a more brittle and rigid structure, limiting its elastic recovery. Overall, HPMC films outperformed 

Carbopol films in terms of mechanical strength, cohesion, and elasticity, making them more suitable for 

maintaining integrity during buccal placement and handling. 

Table 6.6 Texture profile analysis of 3D-printed buccal cannabinoid films showing hardness, cohesion, and springiness (n = 3; mean 
± SD). Values in each column bearing different superscript letters are significantly different (p < 0.05), whereas those sharing a 
common letter are not significantly different (one-way ANOVA with Tukey’s post hoc test). 

Formulation Hardness (N) Cohesion Springiness (%) 
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H3C 6.92 ± 0.02 ᵃᵇ 0.982 ± 0.031 ᵃ 100.000 ± 0.11 ᵃᵇ 

H4C 7.18 ± 0.011 ᵃᶜ 0.883 ± 0.029 ᵃ 99.418 ± 1.42 ᵃ 

H3TC 6.59 ± 0.022 ᵃᶜ 0.973 ± 0.082 ᵃᵇ 99.976 ± 0.98 ᵇ 

H4TC 7.38 ± 0.046 ᵇᵈ 0.999 ± 0.027 ᵇᶜ 99.284 ± 0.76 ᶜ 

C3C 2.48 ± 0.018 ᶜᵈᵉ 0.824 ± 0.062 ᵇᶜ 81.527 ± 0.18 ᶜ 

C4C 4.04 ± 0.083 ᵉ 0.901 ± 0.04 ᶜ 78.671 ± 0.88 ᵈ 

 

6.4.5 Mucoadhesive strength of the films 

The ex vivo mucoadhesion of 3D-printed films, as depicted in Figure 6.4, reveals significant differences in 

maximum detachment force (N) across formulations. Carbopol based films (C3C and C3C) displayed higher 

mucoadhesiveness than HPMC based films (H3C, H4C, H3TC and H4TC). The superior mucoadhesive strength 

of Carbopol-based films (C3C and C4C) compared to HPMC-based films (H3C, H4C, H3TC, H4TC) can be 

attributed to the chemical and structural properties of Carbopol, a highly crosslinked poly (acrylic acid) 

polymer. The abundance of carboxyl groups in Carbopol facilitates strong hydrogen bonding and electrostatic 

interactions with mucin glycoproteins in the mucosal layer, enhancing adhesion despite the films' weaker 

mechanical properties, such as brittleness and reduced elasticity. In contrast, HPMC relies primarily on 

physical entanglement and hydrogen bonding, leading to relatively lower mucoadhesion (Dhawale et al., 

2018; Smart, 2005). 

 
Figure 6.4 Mucoadhesive strength of 3D printed buccal films of cannabinoids (n = 3; mean ± SD). Statistically significant differences 
are denoted as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 
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6.4.6 Swelling ratio and dissolution time 

The swelling ratio (SR, %) of 3D-printed films is illustrated in Figure 6.5. HPMC-based films exhibited moderate 

swelling, with CBD-only formulations (H3C and H4C) and dual-cannabinoid films (H3TC and H4TC) showing 

slightly higher, though non-significant, values. An increase in polymer concentration in hydroxypropyl 

methylcellulose (HPMC)-based films led to a higher swelling ratio, with films containing 4% (w/v) HPMC 

exhibiting greater swelling than those with 3% (w/v). This might be due to the hydrophilic nature of HPMC, 

which contains numerous hydroxyl groups (-OH) that facilitate greater water absorption and matrix 

expansion. As the HPMC concentration rises more hydrophilic sites could have become available for hydrogen 

bonding with water molecules, enhancing the film's capacity to uptake fluids and swell (Bashir et al., 2020; 

Vlad et al., 2025). In contrast, Carbopol-based films (C3C and C4C) demonstrated significantly greater swelling, 

which can be attributed to Carbopol’s high water-binding capacity due to its abundant carboxylic groups, 

allowing it to absorb a substantial volume of water (George et al., 2025). 

 
Figure 6.5 Equilibrium swelling ratio (ESR) % of 3D printed buccal films of cannabinoids (n = 3; mean ± SD). Statistically significant 
differences are denoted as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 

Buccal films incorporated with cannabinoids were also observed for their dissolution time in artificial saliva 

(Figure 6.6). HPMC-based films exhibited prolonged dissolution times, with H3C and H4C (CBD-only) 

formulations dissolving quicker than their dual-cannabinoid counterparts, H3TC and H4TC. The prolonged 

dissolution times observed in dual-cannabinoid HPMC-based films, despite their higher swelling ratios, can 
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be attributed to enhanced polymer–drug interactions and the role of cyclodextrins. In these dual 

formulations, both CBD and THC are individually complexed with cyclodextrins, resulting in a higher overall 

content of these anionic surfactants within the film. Cyclodextrins can form hydrogen bonds with the polymer 

matrix, strengthening the gel-like network during swelling. This more cohesive network impedes dissolution 

of the films. Previous research by Bagde and Rohera (2024) have reported that anionic surfactants can prolong 

the dissolution of gels prepared from hydrophilic polymers. In contrast, Carbopol-based films (C3C and C4C) 

displayed shorter dissolution times. This could be attributed to the high swelling capacity of Carbopol, as 

noted earlier, which could have accelerated water uptake and structural breakdown. Furthermore, their 

weaker mechanical properties could have influenced the dissolution of films by reducing their structural 

integrity and resistance to degradation in aqueous environments. 

 
Figure 6.6 Dissolution time evaluation of cannabinoid loaded buccal films (n = 3; mean ± SD). Statistically significant differences are 
denoted as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 

6.4.7 In-vitro release of cannabinoids and release kinetics. 

The in vitro release profiles of 3D-printed films are depicted in Figure 6.7. HPMC-based formulations (H3C, 

H4C, H3TC, H4TC) demonstrated a slower and more prolonged release of cannabinoids compared to 

Carbopol-based films (C3C, C4C). This difference can be attributed to the ability of HPMC to form a stable, 

cohesive gel network upon hydration (Vlad et al., 2025). Krese et al. (2016) demonstrated the influence of 

HPMC viscosity grade on controlled drug release by evaluating matrices prepared with different grades. Their 

findings confirmed that viscosity is a key factor in modulating release behaviour, with higher viscosity grades 

producing a more controlled and sustained release profile. In this study, the use of a high-viscosity grade 

HPMC (2,600–5,600 cP) likely contributed to the sustained release of cannabinoids. This is further supported 

by its superior structural integrity, as reflected in higher hardness and cohesiveness values. Additionally, the 
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lower swelling ratio observed in HPMC films relative to Carbopol suggests the formation of a denser hydrated 

matrix, which limited water penetration and slowed the outward diffusion of cannabinoids. 

Increasing HPMC concentration from 3% to 4% (H4C, H4TC) further reinforced the gelling network, producing 

denser matrices and slower release rates. Comparable trends have been reported across different dosage 

forms, where higher HPMC concentrations consistently resulted in slower drug release (Khan et al., 2022; 

Mohamed et al., 2013). Moreover, drug composition significantly influenced release behaviour. Dual-

cannabinoid films (H3TC, H4TC) exhibited slower cannabinoid release compared to the CBD-only films (H3C, 

H4C). This effect may be attributed to the presence of THC, as previous research have indicates that, even 

within inclusion complexes, THC tends to exhibit a slower release profile than CBD (Adriana Ribeiro et al., 

2024). In the present study, film dissolution and cannabinoid release followed parallel trends, reflecting the 

fact that cannabinoids were dispersed within the polymer matrix rather than existing as separate crystalline 

phases.  

The individual release profiles of CBD and THC from dual-cannabinoid HPMC films (H3TC and H4TC), 

highlighted in Figure 6.7 B and C, showed comparable patterns, with CBD exhibiting a slightly higher release 

than THC. 

Overall, Carbopol films exhibited faster release, approx. 100% in 60 minutes, owing to extensive swelling and 

weaker matrix stability, whereas HPMC films provided a more sustained cannabinoid diffusion.  
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Figure 6.7. In vitro release profiles of (A) cannabinoid-loaded 3D printed films compared with pure CBD and THC distillates, (B) 
Individual release profiles of CBD and THC from film H3TC, (C) Individual release profiles of CBD and THC from film H4TC (n = 3; 
mean ± SD). 

The release kinetics of cannabinoids from HPMC- and Carbopol-based buccal films were analysed using 

multiple kinetic models, and the corresponding correlation coefficients (R²) are summarized in Table 6.7. For 

HPMC based formulations (H4C, H4C, H3TC, AND H4TC), Korsmeyer–Peppas analysis showed the highest 

correlation (R² = 0.952–0.992), suggesting that drug release occurs via a non-Fickian mechanism, driven by 

both diffusion through the hydrated HPMC matrix and polymer chain relaxation/swelling. This dual 

mechanism is well documented in the literature, as HPMC undergoes swelling upon contact with aqueous 

media to form a viscous gel layer that modulates diffusion (Siepmann & Peppas, 2001). Previous studies on 

HPMC-based films have similarly demonstrated that their drug release follows the Korsmeyer–Peppas model 

(Colucci & Rodrigues, 2022; Kondaveeti et al., 2017; Winarti et al., 2021). Furthermore, zero-order modelling 

yielded high correlation coefficients (R² = 0.888–0.962), indicating that drug release from HPMC films follows 

a near-constant release profiles. The Hixson–Crowell model also provided good fits (R² = 0.886–0.940), 

particularly for THC-containing films, indicating that matrix erosion contributes alongside diffusion 

(Askarizadeh et al., 2023).  

Unlike HPMC-based films, Carbopol formulations showed weaker zero-order fits (R² ≈ 0.77) and lower 

Korsmeyer–Peppas R² values (around 0.64). Instead, they aligned strongly with the Hixson–Crowell model (R² 

= 0.926–0.928), suggesting that matrix erosion was the dominant mechanism of release (Askarizadeh et al., 

2023). The burst-type release seen experimentally is therefore consistent with an erosion-driven mechanism. 

Table 6.7 Kinetic modelling of cannabinoid release from 3D printed buccal films. 

Formulations Zero- order First order Higuchi Korsmeyer-Peppas Hixon-Crowell 

 

R2 

H3C CBD 0.8879 0.8618 0.3605 0.9581 0.8899 

H4C CBD 0.9154 0.9037 0.2274 0.9517 0.9288 
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H3TC CBD 0.9245 0.7675 0.0718 0.9575 0.8862 

H3TC THC 0.9160 0.8317 0.1287 0.9736 0.9065 

H4TC CBD 0.9614 0.8335 0.0509 0.9857 0.9402 

H4TC THC 0.9623 0.8411 0.0266 0.9917 0.9382 

C3C CBD 0.7717 0.3670 -1.3985 0.6478 0.9284 

C4C CBD 0.7728 0.3557 -1.5885 0.6360 0.9257 

 

6.4.8 FTIR of 3D printed cannabinoid films 

 

Figure 6.8 FTIR spectra of (A) HPMC, (B) CBD, (C) Carbopol, and (D) THC. 

The FTIR spectra of the polymers (HPMC and Carbopol) and cannabinoids (CBD and THC) are depicted in 

Figure 6.8. The FTIR spectra of the 3D-printed buccal films, as shown in Figure 6.10, reveal characteristic 

absorption bands across the formulations in transmittance mode from 4000 to 600 cm⁻¹. 

HPMC films (Figure 6.9 B and C) exhibited broad O–H stretching vibrations at 3417–3446 cm⁻¹, indicative of 

extensive hydrogen bonding from hydroxyl groups in the polymer (Gómez-Ordóñez & Rupérez, 2011; Prasad 

et al., 2016; Verma et al., 2011). Characteristic absorption bands were observed at 2870–2935 cm⁻¹ (aliphatic 

C–H stretching, functional group region), and within the fingerprint region at 1369–1370 cm⁻¹ (C–H bending) 

and 1050–1100 cm⁻¹ (C–O stretching) (Takeuchi et al., 2025). The absence of significant shifts in C–O and 

other cellulose-related bands indicate homogeneous integration of the cannabinoid–cyclodextrin inclusion 

complexes without altering the polymer backbone.  

Prominent bands around 2850 and 2950 cm⁻¹ correspond to C–H stretching vibrations of the CBD–HP-β-CD 

and THC–HP-β-CD inclusion complexes. The absorption around 1031 cm⁻¹ is assigned to C–O and C–O–C 

stretching vibrations within the cyclodextrin framework. In dual cannabinoid films, peaks for conjugated 

B 
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carbonyl groups were observed around 1647 cm⁻¹, which may reflect contributions from both CBD and THC 

inclusion complexes (H. Li et al., 2021; Patil & Pandey, 2024; Upadhye et al., 2010).  

Carbopol films (Figure 6.9 A) displayed broad O–H stretches around 3468–3473 cm⁻¹ and C–H stretches at 

2936–2938 cm⁻¹. A prominent carbonyl (C=O) band around 1716–1717 cm⁻¹ confirmed the polyacrylic acid 

backbone, essential for maintaining acidic functionality that facilitates mucoadhesion via electrostatic 

interactions with mucosal surfaces. Additional bands at 1450–1457 cm⁻¹ (C–H bending), 1240–1248 cm⁻¹ (C–

O–C and C–O stretching of ether linkages), and fingerprint region peaks at 1178 cm⁻¹ (C–O–C asymmetric 

stretching) and 1078 cm⁻¹ (C–O stretching) were consistent with polymer-specific vibrational modes (Chalal 

et al., 2014; Mahmood et al., 2023). The spectra revealed no significant shifts or disappearance of 

characteristic bands, indicating compatibility between Carbopol and cannabinoid complexes, with 

preservation of structural integrity during 3D printing and drying. No unexpected peaks or disappearances 

were observed, demonstrating excellent compatibility between cannabinoids in inclusion complexes and 

polymers. 

 
Figure 6.9 FTIR spectra of 3D printed buccal films; (A) C3C and C4C, (B) H3C and H4C, and (C) H3TC and H4TC. 

6.4.9 SEM of 3D printed cannabinoid films 

Scanning electron microscopy (SEM) images in Figure 6.10 illustrate the surface morphologies of the 3D-

printed buccal films. Carbopol-based films (C3C, C4C) display rough, wavy surfaces with visible irregularities, 

indicative of a heterogeneous structure. The rough and wavy surface morphology observed in Carbopol-based 

films (C3C and C4C) can be attributed to the highly crosslinked poly(acrylic acid) structure of Carbopol, which 
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promotes uneven shrinkage and pore formation during drying, resulting in a brittle and heterogeneous matrix 

(Shelke, 2016). 

In contrast, HPMC-based films (H3C, H4C, H3TC, and H4TC) exhibit smoother, more uniform surfaces. The 

smoother surfaces of HPMC based films might be due to the flexible, linear cellulose backbone of the polymer, 

which facilitates denser packing and homogeneous film formation through extensive hydrogen bonding (Guo 

et al., 2022). SEM observations from prior studies indicate that HPMC films maintain a uniform and smooth 

surface structure (Carvalho et al., 2023; Hay et al., 2018).  

 

 

 

 

 

 

 

 

 

Figure 6.10 SEM captured at a magnification of ×5,000 with a scale bar representing 10 µm of 3D printed buccal films (A) C3C, (B) 
C4C, (C) H3C, (D) H4C, (E) H3TC, AND (F) H4TC. 

6.4.10 Ex-vivo penetration of cannabinoids from printed films  

The ex vivo penetration profiles demonstrated that all 3D-printed films markedly enhanced cannabinoid 

transport across the buccal mucosa compared with pure CBD and THC. As shown in Figure 6.11 A, both HPMC- 

and Carbopol-based films (H3C, H4C, H3TC, H4TC, C3C, C4C) achieved significantly higher penetration 

concentrations (around 3.0–3.3 mg/cm²) than pure cannabinoids (<0.5 mg/cm²). Statistical grouping 

confirmed that all polymeric formulations belonged to the same significance group (A), while unformulated 

cannabinoids were significantly lower (B). This highlights the critical role of polymeric carriers in improving 

cannabinoid solubility and permeability. Since the films dissolved within approximately 2 hours as observed 

from their dissolution time, the residence and release periods were comparable across formulations, which 

explains why cannabinoid penetration into the buccal mucosa was similar for both HPMC- and Carbopol-

based films.  

The enhanced permeation observed with the 3D-printed films can be explained by several complementary 

mechanisms. Firstly, the incorporation of a terpene combination likely played a major role, as terpenes have 

been widely reported to act as natural permeation enhancers by interacting with the lipid domains of the 

buccal mucosa and thereby improving cannabinoid penetration. This is consistent with previous findings (as 

identified in Chapter 3) and with earlier reports that terpenes such as limonene and menthol enhance the 
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buccal absorption of lipophilic drugs, including cannabinoids (Longgos et al., 2024; Prasanthi & Lakshmi, 

2012). Furthermore, the mucoadhesive nature of HPMC and Carbopol prolonged the residence time of the 

films at the buccal surface, increasing mucosa contact period of the drug. This agrees with prior work showing 

that bioadhesive polymers enhance transmucosal delivery by preventing premature clearance and improving 

drug retention at the site of absorption (Asane et al., 2008; Chatterjee et al., 2017). Together, these factors 

explain the significantly greater cannabinoid transport achieved with the 3D-printed films compared to 

unformulated CBD and THC. 

Figure 6.11 B, further compared CBD and THC permeation from dual-cannabinoid HPMC films (H3TC, H4TC). 

Both cannabinoids achieved comparable permeation (around 1.5–1.6 mg/cm²), significantly higher than their 

pure cannabinoid counterparts. No significant differences were observed between CBD and THC permeation 

within the same formulation. 

Overall, these results demonstrate that 3D-printed buccal films dissolve within a clinically relevant timeframe 

and provide consistent, enhanced transmucosal delivery of cannabinoids compared with unformulated drugs.  

 
Figure 6.11 Ex-vivo penetration profiles of (A) Total cannabinoids from 3d printed films, (B) Individual permeation profiles of CBD 
and THC compared to pure CBD and THC distillate (n = 3; mean ± SD). Letters (A, B) above the bars indicate statistically significant 
differences between formulation and pure cannabinoids (p < 0.05); bars sharing the same letter indicate no significant difference.  

6.5 Conclusions 

This study successfully developed and characterised 3D-printed buccal films using HPMC and Carbopol 

polymers for cannabinoid delivery, demonstrating their potential as effective transmucosal drug delivery 

systems. Rheological assessment showed that polymer concentration and drug composition significantly 

influenced bioink viscosity, with Carbopol exhibiting higher viscosity but easier extrusion due to shear-

thinning, whereas HPMC required higher extrusion pressures yet produced superior filament formation and 

print fidelity. All formulations maintained physiologically compatible pH and consistent cannabinoid content. 

Mechanical testing revealed that HPMC-based films possessed greater hardness, cohesion, and elasticity, 

whereas Carbopol films, although softer and more brittle, displayed higher mucoadhesive strength through 
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carboxyl group-mediated hydrogen bonding with mucin. Swelling and dissolution studies indicated that 

Carbopol films absorbed more water and dissolved rapidly, whereas HPMC films, particularly dual-

cannabinoid formulations, exhibited moderated swelling and prolonged dissolution due to cohesive polymer–

drug–cyclodextrin networks. 

In vitro release studies confirmed that HPMC films provided sustained cannabinoid release, with dual-

cannabinoid systems releasing more slowly than CBD-only films. Carbopol films showed rapid release 

consistent with their higher swelling and weaker matrix stability. Kinetic analysis revealed that HPMC films 

followed a non-Fickian release mechanism, reflecting combined diffusion and polymer relaxation/swelling, 

whereas Carbopol films aligned with the Hixson–Crowell model, indicating matrix erosion-driven, burst-type 

release. 

FTIR analysis confirmed compatibility between cannabinoids in inclusion complexes and both polymers, with 

no significant shifts or disappearance of characteristic bands, while SEM imaging revealed smooth, uniform 

surfaces in HPMC films and rough, heterogeneous surfaces in Carbopol films, reflecting differences in polymer 

chain flexibility and crosslinking. Ex vivo penetration studies further demonstrated that all 3D-printed films 

markedly enhanced cannabinoid transport across the buccal mucosa compared with unformulated CBD and 

THC. 

Overall, HPMC-based films offered superior mechanical strength, structural integrity, controlled swelling, and 

sustained release, making them ideal for effective buccal delivery, whereas Carbopol films provided enhanced 

mucoadhesion but were limited by rapid dissolution and weaker mechanical properties. These findings 

highlight the critical role of polymer type, concentration, and drug composition in tailoring the 

physicochemical, mechanical, mucoadhesive, and release properties of 3D-printed cannabinoid buccal films, 

establishing a solid basis for the development of optimized transmucosal drug delivery systems. 
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6. Chapter 7: General discussion 
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7.1 Thesis overview  

Cannabinoids such as CBD and THC represent a rapidly expanding area of therapeutic interest, with an 

increasing body of evidence highlighting their diverse pharmacological benefits. These naturally occurring 

phytochemicals have been investigated and, in some cases, approved for the management of several 

conditions, including chemotherapy-induced nausea and vomiting, spasticity associated with multiple 

sclerosis, anorexia and cachexia in patients with AIDS, chronic and neuropathic pain, and treatment-resistant 

epileptic disorders. Beyond these established uses, ongoing research continues to uncover their potential 

roles in neuroprotection, inflammation modulation, anxiety reduction, and metabolic regulation, thereby 

broadening their clinical relevance. 

Despite the growing therapeutic interest in cannabinoids, only a few formulations have gained regulatory 

approval. Current marketed products face significant limitations, most notably poor oral bioavailability due 

to lipophilicity, extensive first-pass metabolism, and variable gastrointestinal absorption. Some rely on 

synthetic cannabinoids, which can produce undesirable side effects and reduce patient acceptance. 

Oromucosal sprays such as Sativex are further limited by partial swallowing of the dose, lowering mucosal 

absorption, and leading to variable efficacy. These shortcomings contribute to inefficient delivery, 

unpredictable outcomes, and frequent dosing requirements. Furthermore, cost and regulatory restrictions 

on cannabis-derived medicines remain barriers to accessibility, especially in healthcare systems with limited 

reimbursement pathways. Together, they highlight the need for innovative, patient-friendly platforms that 

improve bioavailability while reducing adverse effects. 

The overarching objective of this thesis was to design, develop, and evaluate innovative transmucosal delivery 

systems for cannabinoids, with a focus on the buccal route. However, effective buccal delivery requires dosage 

forms with suitable mucoadhesion, mechanical integrity, drug solubilization strategies, and controlled release 

profiles. This research aimed to overcome the limitations of existing cannabinoid formulations by developing 

two complementary classes of buccal delivery systems. In both platforms, cannabinoid–cyclodextrin inclusion 

complexes were incorporated to enhance solubility, while terpene-based permeation enhancers were 

included to promote efficient transmucosal transport. The first approach focused on in-situ gelling systems, 

comprising thermoresponsive gels based on Poloxamer 407 and ion-responsive gels formulated with gellan 

gum (GG), κ-carrageenan (κ-CG), or mixed GG/ι-carrageenan systems. These gels were designed to undergo 

a sol-to-gel transition under physiological conditions, and when combined with mucoadhesive polymers, they 

offered ease of administration, improved mucosal residence time, and sustained drug release. 

The second approach focused on the development of 3D-printed buccal films, fabricated through extrusion-

based bioprinting of bioinks containing mucoadhesive polymers. Among these, films formulated with 

hydroxypropyl methylcellulose (HPMC) demonstrated particularly favourable properties, including sustained 

drug release, sufficient mechanical strength, adequate mucoadhesion to support prolonged residence, and 
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structural integrity suitable for buccal delivery. Beyond these functional attributes, the 3D printing strategy 

offered the advantage of ensuring consistent film quality while enabling the integration of formulation 

components such as solubilizers and permeation enhancers. 

By integrating insights from both in-situ gelling systems and 3D-printed films, this work established a broad 

experimental platform to examine how polymer selection and formulation strategy influence the 

performance of buccal cannabinoid delivery systems. This discussion draws together findings across both 

delivery systems, emphasizing their suitability for clinical application. 

7.2 Interpretations of thesis findings  

Buccal drug delivery has gained considerable attention as an alternative to conventional routes due to its 

distinct advantages, including non-invasiveness, ease of administration, avoidance of first-pass metabolism, 

and suitability for patients with swallowing difficulties such as those experiencing dysphagia. This route also 

enables rapid onset of action and the potential for sustained therapeutic effects when combined with 

appropriate formulation strategies. Chapter 2 of this thesis provided a comprehensive review of buccal 

delivery systems for cannabinoids, with a particular emphasis on identifying polymers and excipients suitable 

for achieving prolonged and controlled drug release. Mucoadhesive polymers emerged as the foundation for 

mucosal formulations, as they adhere to the mucosal surface, thereby prolonging residence time and 

improving drug absorption. Their ability to form strong interactions with the mucosa makes them particularly 

advantageous for developing buccal dosage forms that can maintain consistent contact with the absorption 

site. The review also examined existing oromucosal cannabinoid formulations, such as Sativex, as well as other 

experimental systems under investigation. While these formulations have demonstrated therapeutic 

effectiveness, their limitations highlight the need for more efficient delivery strategies. Importantly, the 

review underscored the critical role of excipients, particularly solubility and permeation enhancers, in 

overcoming the intrinsic challenges of cannabinoid delivery. Cannabinoids are highly lipophilic and exhibit 

low aqueous solubility and poor permeability, necessitating the inclusion of functional excipients that 

improve dissolution, enhance transmucosal transport, and ensure ingredient compatibility. Equally vital is the 

selection of excipients that do not induce mucosal irritation, thereby supporting patient comfort and safety 

while preserving formulation stability. This chapter highlights that, novel buccal systems designed for systemic 

cannabinoid delivery, such as in situ gelling formulations or three dimensional printed mucoadhesive films 

with both cyclodextrin complexes and terpene permeation enhancers, have not been previously reported.  

The identification of cyclodextrins as effective solubilizers and terpenes as permeation enhancers provided a 

strong rational foundation for the development of buccal cannabinoid delivery systems. Building on this, 

Chapter 3 focused on optimizing the type and concentration of cyclodextrins and terpenes to achieve efficient 

and stable delivery of cannabinoids. Among the cyclodextrins evaluated, hydroxypropyl-beta-cyclodextrin 

(HP-β-CD) proved particularly effective in encapsulating both CBD and THC, forming stable inclusion 
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complexes that significantly improved aqueous solubility and dissolution rates. Terpenes, natural 

phytoconstituents known for their permeation enhancing properties, were screened to identify those capable 

of facilitating transmucosal transport without causing local irritation or toxicity. Limonene, menthol, pinene, 

and cineole were tested individually and in combination at varying concentrations. The final optimized 

formulation employed a 5% terpene blend, which was found to maximize permeation while maintaining 

mucosal safety, providing a base for subsequent incorporation into drug-loaded dosage forms. In parallel, the 

methodology for evaluating in vitro release and ex vivo penetration was systematically optimized. Receptor 

media were selected to maintain sink conditions, ensuring accurate and reproducible measurement of drug 

release and permeation across the buccal mucosa. These optimizations not only ensured reliable evaluations 

but also established a framework for future studies. Collectively, these findings laid the groundwork for 

designing cannabinoid-loaded buccal dosage forms that combine enhanced solubility, controlled release, and 

efficient mucosal absorption. 

Chapter 4 focused on the development of thermoresponsive in situ gels using Poloxamer 407 in combination 

with mucoadhesive polymers, HPMC or Carbopol, incorporating cannabinoids complexed with HP-β-CD. The 

terpene blend was not included in these gels, as it resulted in solutions that were excessively viscous at room 

temperature. Design by quality approach using Design-Expert was used to optimize the formulations. The 

performance of the in-situ gels was influenced by the choice of mucoadhesive polymer. Formulations 

containing HPMC gelled more rapidly upon exposure to physiological conditions and demonstrated faster 

release of cannabinoids, as evidenced by in vitro dissolution and ex vivo penetration studies, which showed 

strong correlation. In contrast, Carbopol-based formulations exhibited higher mechanical strength, greater 

mucoadhesive capacity, and superior long-term stability, suggesting their suitability for sustained buccal 

delivery where prolonged residence time and structural integrity are critical. Furthermore, comparative 

evaluation of single versus dual cannabinoid systems revealed that CBD-only formulations outperformed dual 

cannabinoid gels in terms of release rate and penetration efficiency. This observation may be attributed to 

differences in molecular interactions, solubility, or competitive transport effects when both cannabinoids are 

present in the gel matrix.  

In Chapter 5, ion-induced in situ gels for buccal cannabinoid delivery were developed using gellan gum, κ-

carrageenan, and combinations of κ-carrageenan and ι-carrageenan, with the addition of mucoadhesive 

polymers such as HPMC or Carbopol. Terpenes were incorporated as permeation enhancers, and formulation 

optimization was guided by a design of experiments approach to identify ideal polymer and excipient 

concentrations. Similar to the findings in Chapter 4, the choice of mucoadhesive polymer had a significant 

impact on the physicochemical and mechanical properties of the gels, but the presence of divalent cations 

introduced an additional modulatory factor by inducing gelation through ionic crosslinking. However, 

Carbopol-containing formulations exhibited faster gelation compared to their HPMC counterparts, likely due 

to stronger ionic interactions between Carbopol and the cations. Carbopol-based formulations also 
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demonstrated slower cannabinoid release and reduced permeation, while displaying enhanced 

mucoadhesive strength and mechanical integrity. Among the formulations studied, mixed κ/ι-carrageenan 

formulations with Carbopol emerged as the most promising candidates for buccal cannabinoid delivery, 

surpassing other ion-induced in situ gels developed. These formulations achieved a balance of rapid gelation, 

high viscosity, strong mechanical stability, and robust mucoadhesion, which together facilitated extended 

mucosal residence and controlled drug release. In both thermosensitive and ion-activated in-situ gels, a lag 

time of approximately 30 minutes was consistently observed for all formulations in the in-vitro drug release 

profiles. This is expected to be minimal or absent in vivo, where continuous salivary flow, and intimate contact 

with the buccal mucosa has the potential to accelerate gel hydration, network relaxation, and drug diffusion, 

allowing faster onset of release. 

Stability studies revealed that these in-situ gels experienced some cannabinoid degradation and developed a 

yellowish appearance after six months, indicating limitations in long-term storage. To overcome these 

challenges, the gels were subjected to freeze-drying, resulting in formulations that retained their structural 

integrity upon rehydration. The freeze-dried gels maintained high drug content, and reproducible sol-gel 

transition behaviour. These findings indicate that freeze-dried ion-responsive gels represent a viable strategy 

to enhance the shelf-life of buccal cannabinoid formulations while preserving their functional performance, 

offering a practical alternative to conventional in-situ gels for long-term storage and clinical application.  

In Chapter 6, 3D-printed buccal films were developed as an alternative platform for cannabinoid delivery, 

using extrusion-based printing of bioinks composed of mucoadhesive polymers (HPMC or Carbopol), terpene 

mixture, and cannabinoid–HP-β-CD inclusion complexes. HPMC-based films provided greater hardness, 

cohesion, and elasticity, with moderated swelling and sustained release, whereas Carbopol films, despite 

stronger mucoadhesion, exhibited softer and more brittle matrices and rapid water uptake leading to faster 

release. HPMC-based 3D-printed buccal films emerged as an effective platform for transmucosal cannabinoid 

delivery. The study also highlights the advantages of 3D printing as a formulation strategy, providing 

reproducibility, customizability, and the capacity to integrate solubility and permeation enhancers in the 

dosage forms developed. Overall, both the in-situ gels and 3D-printed films offer effective strategies for 

delivering cannabinoids via the buccal route, serving as promising alternatives to traditional oral/oromucosal 

formulations. 

7.3 Thesis implications  

7.3.1 Comparison of marketed/approved cannabinoid formulations with developed buccal 

formulations. 

The findings of this thesis hold significant implications when evaluated against the backdrop of currently 

marketed cannabinoid formulations. Approved products such as Sativex® (oromucosal spray), Epidiolex® (oral 
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solution), and synthetic cannabinoids including dronabinol and nabilone have demonstrated therapeutic 

utility across various conditions. However, their clinical performance remains constrained by fundamental 

formulation limitations. Oral oils, capsules, and solutions suffer from poor aqueous solubility, erratic 

gastrointestinal absorption, and extensive first-pass metabolism, resulting in low and highly variable 

bioavailability (variable 9–13% for CBD and THC) (K. R. Hossain et al., 2023). This necessitates the use of very 

high doses of CBD in epilepsy studies, which can lead to increased risk of hepatotoxicity, gastrointestinal 

disturbances, and drug–drug interactions (Huestis et al., 2019; Thiele et al., 2018). Furthermore, oral dosing 

typically produces delayed onset (30 minutes to 2 hours) and short duration of effect, requiring multiple daily 

administrations that compromise patient adherence (K. R. Hossain et al., 2023). 

Oromucosal sprays such as Sativex® were designed to bypass first-pass metabolism, but they too face 

limitations. A large fraction of the sprayed dose is washed into the gastrointestinal tract by saliva, thereby 

reintroducing variability associated with oral absorption. In addition, excipients such as ethanol and 

propylene glycol contribute to local irritation and burning sensations, which limit long-term acceptability. 

Spray delivery also restricts control over the precision of dose delivered, with inter- and intra-patient 

variability remaining high, particularly when multiple sprays are required to achieve therapeutic plasma levels 

(Karschner et al., 2011; Scully, 2007). Synthetic cannabinoids such as dronabinol and nabilone, are similarly 

hindered by slow onset, poor predictability, psychoactive side effects, and limited patient tolerability 

(Badowski, 2017; Ben Amar, 2006). Collectively, these shortcomings highlight the inadequacy of classical 

dosage forms in fully exploiting the therapeutic potential of cannabinoids. 

In contrast, the buccal in-situ gels and 3D-printed films developed in this thesis were specifically designed to 

address these barriers. The incorporation of cyclodextrin inclusion complexes, such as hydroxypropyl-β-

cyclodextrin (HP-β-CD), has been widely demonstrated in cannabinoid delivery systems to enhance solubility, 

stabilize cannabinoids, and improve dissolution rates, thereby have the potential to facilitate more consistent 

systemic absorption (Park et al., 2023; Srakhao et al., 2025). Similarly, terpene-based permeation enhancers 

have been successfully employed in buccal and transdermal formulations to transiently modulate epithelial 

barriers, increasing drug permeability without inducing mucosal irritation (Amaral et al., 2020; Chen et al., 

2016; Peera Tabboon et al., 2022; Varman & Singh, 2012). Unlike sprays and oral solutions, which are prone 

to rapid washout or degradation, these systems employed mucoadhesive polymers (HPMC, Carbopol) to 

ensure intimate and prolonged contact with the buccal mucosa (Chen et al., 2023; Qi et al., 2007; F. Zahir-

Jouzdani et al., 2018), thereby minimizing loss through swallowing and enabling sustained release at the 

absorption site. The developed thermoresponsive and ion-responsive gel systems, and 3D printed films 

provided favourable mechanical strength, flexibility, and mucoadhesion, ensuring ease of application and 

retention, while avoiding the irritation and instability associated with liquid formulations. Table 7.1 gives a 

comparative discussion of the situ gels and 3D-printed films developed against current cannabinoid products 

on the market. 
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Thus, by addressing the solubility, stability, and absorption limitations of existing products, the developed 

buccal formulations demonstrate a feasible pathway toward improved patient outcomes in cannabinoid 

therapy. 

Table 7.1 Comparison of marketed cannabinoid dosage forms and developed buccal formulations. 

 

Products in the market  In-Situ Gels & 3D-Printed Films 

Absorption Approved oromucosal formulations may bypass 
some first-pass metabolism, but mostly are still 
partially swallowed, leading to GI absorption 
and metabolism (Karschner et al., 2011). 

Buccal/gels & films target mucosal contact, 
mucoadhesion and sustained residence time to enhance 
direct transmucosal absorption, reduce 
swallowing/wash-out losses, and mitigate first-pass 
metabolism. 

Bioavailability / 
Variability 

Many approved products show low 
bioavailability and large inter- and intra-subject 
variability (Lorenzl et al., 2022; Catherine J 
Lucas et al., 2018; Millar et al., 2018). 

Presence of solubility enhancers, permeation enhancers, 
and mucoadhesive polymers are expected to reduce 
variability and improve consistent drug exposure. In-vivo 
studies are required to confirm this.  

Release Profile / 
Duration of 
Action 

Many standard oral or orormucosal (sprays) 
formulations reach peak levels quickly then 
decline; often require frequent dosing to 
maintain therapeutic levels (Millar et al., 2018). 

In-situ gels and films are designed for sustained release. 
This could translate into fewer doses per day, more 
stable plasma levels. 

Stability Existing sprays/oils are more susceptible to 
degradation (light, oxidation), possible 
instability of liquid formulations (Sitovs et al., 
2024). 

Studies show good stability (especially in freeze-dried in-
situ gels) with maintained performance after storage; 
films generally more stable than liquids; better 
protection of cannabinoids via inclusion complexes. 

 

7.3.2 Evidence from clinical studies and emerging research 

Cannabinoids have been investigated for a wide range of clinical conditions due to their modulatory effects 

on the endocannabinoid system. The strongest clinical evidence supports their use in treatment-resistant 

epilepsy, management of spasticity associated with multiple sclerosis (MS), chemotherapy-induced nausea 

and vomiting (CINV), and AIDS-related anorexia. They have also been explored for chronic and neuropathic 

pain, although outcomes have been inconsistent, often due to poor pharmacokinetics and variable systemic 

exposure. Additional areas of investigation include anxiety disorders, sleep disturbances, neurodegenerative 

diseases, and palliative care. CBD, in particular, has attracted attention in emerging indications such as social 

anxiety disorder, with a phase 2 trial reporting significant improvements in anxiety scores (Bhuller et al., 

2024). Studies have also suggested potential benefits in sleep disorders, including obstructive sleep apnoea 

and REM sleep behaviour disorder  (Low et al., 2023). Preclinical research in neurodegenerative diseases 

indicates that cannabinoids may have neuroprotective effects, enhancing neurobehavioral function and 

reducing neurological deficits (Voicu et al., 2023).  

Despite these promising findings, the clinical application of cannabinoids is often hindered by limitations 

inherent in traditional dosage forms. For instance, Epidiolex® has demonstrated efficacy in treatment-

resistant epilepsies, but high doses required for therapeutic effect are often associated with adverse events, 
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raising concerns about long-term tolerability (O'Connell et al., 2017). Similarly, clinical studies with Sativex 

have shown favourable outcomes in managing multiple sclerosis related spasticity, particularly in patients 

who achieved little or no relief with conventional antispastic therapies (Haupts et al., 2024). However, Urits 

et al. (2021) reported that trials involving Sativex experienced higher dropout rates compared with placebo, 

largely attributable to treatment-related adverse effects. In chronic pain, traditional cannabinoid formulations 

have been limited by variable efficacy, inconsistent plasma concentrations, and the need for high doses that 

increase the risk of side effects ((Sic et al., 2025). These limitations underscore the need for more efficient 

and reliable delivery platforms. 

In response, recent research has focused on innovative oro-mucosal delivery systems designed to overcome 

the shortcomings of conventional sprays and oral formulations. Nanoparticle based sprays, such as NanaBis™ 

and self-assembling cannabinoid nanoemulsions, have shown enhanced bioavailability and faster systemic 

absorption compared with approved sprays like Sativex®, while targeting mucosal tissues for improved 

therapeutic effect. These systems show promise in enhancing therapeutic effects, including pain relief and 

management of chronic conditions, though mild adverse effects such as drowsiness and nausea have been 

reported (Clarke et al., 2020; Provenzano et al., 2024). Solid dosage forms, including cyclodextrin-complexed 

tablets, fast-disintegrating wafers, and cannabinoid lozenges, have aimed to improve solubility, dissolution 

rate, and stability, enabling immediate release within the oral cavity (Crowley et al., 2018; Mannila et al., 

2007; Monton et al., 2024). Despite these advances, these systems are still limited by low residence times, 

variable mucosal absorption, and the risk of accidental swallowing, which can reduce systemic exposure and 

therapeutic predictability. Mucoadhesive strategies, employing polymers such as Carbopol, HPMC, and 

hydroxypropyl cellulose, have been investigated to prolong residence time and facilitate controlled release, 

often with additional penetration enhancers like propylene glycol to improve drug permeability (Itin et al., 

2020; Söpper et al., 2021). Early studies, including bi-layered films and 3D-printed mucoadhesive constructs, 

indicate the potential for sustained cannabinoid delivery, personalized dosing, and improved patient 

compliance, (Abdella et al., 2023; Laoasoke et al., 2024).  

Although these novel formulations show promise in in-vitro and ex-vivo studies, clinical trials are essential to 

establish their safety, efficacy, and optimal dosing regimens in human populations. Ongoing and future clinical 

studies will provide critical insights into the potential of these advanced cannabinoid delivery systems. 

7.3.3 Clinical implications 

The translation of the buccal delivery platforms developed in this thesis into clinical practice carries important 

implications. By bypassing first-pass metabolism and enhancing transmucosal absorption, these systems have 

the potential to achieve therapeutic plasma concentrations at substantially lower doses compared with 

conventional oral solutions or capsules. This improvement in pharmacokinetics could reduce the need for 

high dosing, which is often associated with adverse effects and inter-patient variability, a limitation observed 
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in many clinical trials of oral and spray formulations (Haupts et al., 2024; Sic et al., 2025; Urits et al., 2021). 

Enhanced efficacy is another key advantage of these buccal platforms. More predictable absorption and 

sustained release profiles can reduce variability in clinical outcomes, providing a more reliable therapeutic 

effect (Ben Amar, 2006; Thiele et al., 2018). Patient compliance may also be significantly improved. 

Mucoadhesive in-situ gels and films offer convenient and non-invasive administration. This ease of use is 

particularly important in chronic conditions requiring long-term therapy, where adherence can strongly 

influence treatment success. 

Condition-specific advantages are apparent across several indications. In epilepsy, lower and more stable CBD 

exposure could enhance seizure control while minimizing adverse effects (Thiele et al., 2018). In multiple 

sclerosis and chronic pain, sustained buccal delivery may provide more consistent symptom relief with fewer 

daily doses than sprays like Sativex (Karschner et al., 2011). For CINV and appetite stimulation for cachexia or 

AIDS-related anorexia, rapid buccal absorption could deliver effects with reduced psychoactive side effects 

(Catherine J Lucas et al., 2018; Rogers & Pacanowski, 2023). By addressing limitations of bioavailability, dosing 

variability, and patient usability, these buccal systems represent a clinically meaningful advancement in 

systemic cannabinoid therapeutics, offering the potential for safer, more effective, and patient-friendly 

treatment options. 

Furthermore, the buccal formulations developed in this thesis hold significant potential for local therapeutic 

applications within the oral cavity. Emerging evidence indicates that cannabinoids can exert analgesic, anti-

inflammatory, and wound-healing effects in oral tissues. Formulations developed have the potential as 

promising adjunctive strategy in oral healthcare, addressing conditions such as gingivitis, periodontitis, 

mucositis, and aphthous ulcers (Hu et al., 2024).  

7.3.4 Dosing considerations 

A critical challenge in cannabinoid therapy is establishing doses that achieve clinical efficacy while minimizing 

adverse effects. The dosing of cannabinoids in clinical practice is largely informed by product-specific 

regulatory approvals. Epidiolex, is recommended at 10–20 mg/kg/day for patients with epileptic disorders, 

with a starting dose of 2.5 mg/kg twice daily (Wechsler et al., 2024). Oromucosal sprays such as Sativex® 

deliver 2.7 mg THC and 2.5 mg CBD per spray, with multiple sclerosis patients requiring 6-8 sprays per day for 

symptom relief with maximum of 12 sprays per day (MacCallum & Russo, 2018). Synthetic THC formulations 

like dronabinol are typically dosed at 2.5–10 mg up to 4–6 times daily for nausea and emesis associated with 

chemotherapy, and a maximum of 10 mg twice daily for AIDS induced anorexia (Walsh et al., 2005).  

In New Zealand, medicinal cannabis products that meet the minimum quality standard may be prescribed by 

medical practitioners without ministerial approval, but unlike fully approved medicines, they do not have 

standardized or regulator-endorsed dosing regimens. Instead, prescribers are expected to apply clinical 

judgment, often beginning with low doses and titrating upwards according to patient response and 
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tolerability, consistent with international recommendations of starting with low doses and increasing doses 

slowly and as required. Available dosage forms in New Zealand include oral liquids, sublingual solutions, 

controlled-drug oral liquids, and dried cannabis flower for inhalation, each of which requires individualized 

dosing considerations (Ministry of Health, 2025). 

The buccal in-situ gels and 3D-printed films developed in this thesis offer versatile and patient-tailored dosing 

strategies. In-situ gels have the potential to enable precise titration of cannabinoid doses to achieve desired 

therapeutic effects. The flexibility to adjust either the administered volume or drug concentration provides a 

platform for individualized therapy, an application that has been highlighted as a promising avenue for in-situ 

gels (Patil et al., 2024). Similarly, 3D-printed buccal films utilize additive manufacturing to produce dosage 

forms with exact and reproducible drug loading. This approach enables precise control over film thickness, 

surface area, and geometry, which can be tailored to meet patient-specific needs, such as body weight, 

severity of symptoms, or sensitivity to cannabinoids (Auel et al., 2025). Such customization is particularly 

relevant in clinical settings where standard dosing is challenging due to variable bioavailability or sensitivity 

to psychoactive effects.  

It is well established that bypassing hepatic metabolism can significantly improve the systemic bioavailability 

of cannabinoids, thereby enhancing absorption and therapeutic efficiency. This enhancement could 

theoretically reduce the required dose by half, thereby decreasing the risk of side effects and lowering overall 

treatment costs. Recent innovations in delivery systems have demonstrated bioavailability improvements. A 

clinical trial comparing a self-emulsifying cannabinoid powder formulation to traditional oil-based drops 

demonstrated a 2.9-fold increase in the relative bioavailability of tetrahydrocannabinol (THC) and a 2.3-fold 

increase for CBD, underscoring the importance of formulation design in improving absorption (Hermush et 

al., 2025). Similarly, 3D-printed cannabinoid microneedle patches have shown promising results in enhancing 

the bioavailability of CBD, highlighting the potential of advanced, patient-friendly delivery technologies to 

overcome the persistent limitations of conventional formulations (Bagde et al., 2024). 

These developments highlight the importance of innovative delivery systems in optimizing cannabinoid 

therapy. Buccal in-situ gels and 3D-printed films represent significant advancements in the field of 

cannabinoid therapeutics. 

7.4 Limitations and Future Perspectives of Developed Buccal Cannabinoid Delivery Systems 

Thermoresponsive in-situ gels formulated with Poloxamer 407 in combination with mucoadhesive polymers 

such as HPMC and Carbopol represent a promising strategy for buccal cannabinoid delivery, owing to their 

ability to transition from liquid to gel at physiological temperatures. This sol-to-gel transition enables ease of 

administration and prolonged mucosal residence, facilitating sustained drug release. However, their clinical 

translation faces several limitations. A key concern lies in stability and storage. These gels rely heavily on the 

thermoresponsive nature of Poloxamer 407, with optimal gelation and viscosity occurring near 37 °C. Storage 
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at elevated temperatures can induce premature gelation, while room-temperature storage over time has 

been associated with shifts in sol–gel transition temperature, altered viscosity, and changes in drug release 

kinetics. Refrigerated storage maintains rheological stability and preserves cannabinoid integrity (Akash et al., 

2014; Chen et al., 2021). In the studies conducted within this thesis, thermoresponsive gels were stored under 

refrigerated conditions to maintain stability over the study period. While refrigeration ensures consistency in 

physicochemical properties and preserves the integrity of cannabinoid inclusion complexes, it presents 

practical limitations for real-world use, particularly in contexts where cold-chain storage is unavailable or 

inconvenient for patients.  

Another challenge encountered during this thesis was the inability to incorporate terpene as permeation 

enhancers. Terpenes such as limonene, menthol, and pinene have demonstrated efficacy in enhancing 

transmucosal permeation of cannabinoids (Amaral et al., 2020; Ceschel et al., 2000; Sharma et al., 2019); 

however, their addition destabilized the solution, rendering it less practical for in-situ administration. Study 

by Rhee et al. (2007)  demonstrated that addition of terpenes to Poloxamer 407 solutions increases viscosity 

and lowers the sol–gel transition temperature, indicating that terpenes can significantly alter gel consistency 

and may complicate administration and drug release. This underscores the challenge in balancing formulation 

components, including achieving enhanced permeation while maintaining acceptable rheological and 

administration properties. Future work could explore the use of alternative permeation enhancer 

incorporation to maintain manageable viscosity while retaining permeation-enhancing effects. 

Ion-responsive in-situ gels, based on gellan gum, κ-carrageenan, and mixed κ-CG/ι-CG matrices, offer the 

advantage of forming gels in the presence of physiological cations in saliva. The ionic interaction facilitates 

rapid gelation and provides strong mechanical integrity and mucoadhesive properties (Funami, 2011). 

However, these systems are inherently dependent on salivary composition and flow, which can vary 

considerably between individuals due to factors such as age, hydration status, medication use, and underlying 

medical conditions such as xerostomia. Such variability may directly impact gelation kinetics, drug release 

profiles, and overall therapeutic efficacy. Studies have confirmed that κ-carrageenan and gellan gum gels 

demonstrate distinct mechanical properties depending on ion type and concentration (Bui et al., 2019; Elfaruk 

et al., 2021; Huang et al., 2021; Liu et al., 2015). Patients with reduced salivary flow may experience delayed 

or incomplete gelation, potentially leading to premature loss of the formulation from the buccal cavity and 

inconsistent drug absorption. Conversely, individuals with high salivary flow might experience dilution effects 

that alter the gel’s viscosity and reduce its residence time, potentially compromising sustained release. A 

formulation study on κ-carrageenan in-situ gels for oral mucosa demonstrated that gelation relies on salivary 

ions, indicating that insufficient ionic strength, as may occur in hyposalivation, can impair gel formation and 

compromise performance (B. Vigani, A. Faccendini, et al., 2019). 

In addition, long-term stability is a critical concern for ion-responsive systems. Cannabinoid degradation, 

observed after six months of storage in initial formulations, resulted in discolouration and potential loss of 
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efficacy. While freeze-drying the gels preserved structural integrity, drug content, and rehydration properties 

(Abla & Mehanna, 2022; Odziomek et al., 2024), this approach introduces additional steps in manufacturing 

for clinical use. Therefore, scalability remains as a key challenge that must be addressed before these systems 

can be translated to clinical practice. 

Similarly, 3D-printed buccal films, although offering precise dosing and design flexibility, require further 

evaluations. Long-term stability and storage of the printed films remain underexplored. While initial studies 

demonstrated consistent cannabinoid content, uniformity, and mechanical integrity, the stability of 

cannabinoids within the polymer matrix over prolonged periods, especially under variable environmental 

conditions such as humidity and temperature, requires thorough investigation. Research has demonstrated 

that HPMC based formulations are susceptible to moisture uptake, which compromises mechanical integrity, 

alters tensile strength, and modifies drug release kinetics. This effect is further accentuated in the presence 

of plasticizers such as PEG 400 (Kang et al., 2024; Saringat et al., 2005). Cannabinoids themselves are prone 

to degradation or crystallization, affecting efficacy over time (Peschel, 2016). Future research should focus on 

accelerated stability studies, moisture barrier packaging, and potential incorporation of stabilizers to maintain 

long-term formulation stability. Furthermore, while 3D printing enables precise dosing, the technology’s 

scalability for large-scale production remains a practical challenge. High-throughput manufacturing processes 

will need to maintain accuracy, uniformity, and reproducibility while complying with good manufacturing 

practice (GMP) standards. Reviews on 3D-printed pharmaceuticals point out that many current 3D printers 

and workflows do not yet satisfy GMP requirements, particularly regarding uniformity and process validation 

(Mahmood, 2021). Regulatory approval pathways for 3D-printed drug products are still evolving. Although 

the FDA has approved one 3D-printed drug (Spritam®), there is still no fully established framework for 3D-

printed medicines (Alzhrani et al., 2025). 

Across all systems, a major limitation is the scarcity of in vivo data. Such studies would provide critical 

pharmacokinetic and pharmacodynamic data, allowing correlation between in vitro release/ex vivo 

penetration and actual systemic absorption, therapeutic efficacy, and safety. Early-phase clinical trials are 

required to assess tolerability, pharmacokinetics, and dose-response relationships in humans (Catherine J 

Lucas et al., 2018). Clinical trials evaluating buccal cannabinoid delivery systems should prioritize patient-

centred outcomes, particularly focusing on comfort, ease of administration, taste, and adherence. 

Organoleptic testing plays a crucial role in assessing these factors, especially in paediatric and elderly 

populations. Unpleasant sensory attributes, such as bitterness, can significantly impact patient compliance, 

leading to incomplete dosing or avoidance of medication (Ranmal et al., 2025). Formulation acceptability can 

also influence dosing accuracy, as patients may inadvertently alter placement or retention time if the 

formulation is uncomfortable (S. Jacob et al., 2021; Shipp et al., 2022).  

Packaging considerations are pivotal for the successful translation of novel buccal cannabinoid delivery 

systems into clinical practice. Ensuring the integrity, stability, and safety of these formulations requires 
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meticulous attention to packaging design and materials. In situ gels necessitate packaging solutions that 

maintain their structural integrity. Single-use syringes and prefilled applicators are commonly employed to 

facilitate accurate dosing and minimize contamination risks (B. Vigani et al., 2020). These systems should be 

constructed from materials compatible with the gel's composition to prevent interactions that could 

compromise the formulation's efficacy or safety. Additionally, temperature-stable containers are essential to 

preserve the gel's properties, as exposure to inappropriate temperatures can lead to phase transitions or 

degradation. Furthermore, amber-coloured glass bottles or vials and moisture-resistant packaging might be 

required for preservation of cannabinoid content (Fairbairn et al., 1976; Fraguas Sánchez et al., 2020; Jaidee 

et al., 2022). The integration of personalized medicine approaches represents a significant opportunity. 3D 

printing allows the production of individualized films with specific cannabinoid ratios, potentially enabling 

therapy tailored to patient-specific conditions, symptom severity, or metabolism.  

Developed novel buccal delivery systems in this thesis show considerable promise; however, their widespread 

adoption depends on overcoming challenges related to storage stability, salivary variability, manufacturing 

scalability, and regulatory approval. Future advances in excipient design, stabilizer incorporation, packaging 

technologies, and personalization strategies, combined with rigorous in vivo validation, will be key in 

advancing these systems to clinically viable therapeutic options. 

Collectively, these limitations highlight the next critical phase for translation, scaling manufacturing, ensuring 

stability, and validating performance in human subjects. 

7.5 Conclusions 

In this thesis, thermoresponsive in-situ gels, ion-responsive gels, and 3D-printed mucoadhesive films were 

designed to overcome the limitations of conventional formulations, including poor solubility, low and variable 

bioavailability, and short mucosal residence times. Incorporation of cyclodextrin inclusion complexes 

enhanced cannabinoid solubility and stability, while terpene-based permeation enhancers facilitated efficient 

transmucosal transport. Mucoadhesive polymers such as HPMC and Carbopol improved retention at the 

absorption site, enabling sustained and controlled drug release. Despite these advances, several challenges 

remain. Thermoresponsive gels require refrigerated storage to maintain stability, ion-responsive gels are 

sensitive to salivary composition and flow, and 3D-printed films face moisture-related degradation and 

regulatory hurdles for large-scale production. Furthermore, in vivo validation is necessary to confirm 

pharmacokinetics, pharmacodynamics, therapeutic efficacy, and patient usability, including organoleptic 

properties such as taste and comfort. Future directions include incorporation of stabilizers, optimized 

packaging to prevent environmental degradation, and personalized 3D-printed formulations for patient-

specific dosing. Addressing these practical and translational challenges is critical for moving these platforms 

from laboratory studies to clinical applications. Beyond the major cannabinoids Δ⁹-tetrahydrocannabinol 

(THC) and cannabidiol (CBD), growing research interest in minor cannabinoids such as cannabinol (CBN), 
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cannabigerol (CBG), and cannabichromene (CBC) highlights emerging therapeutic opportunities for 

neurodegenerative diseases, sleep disorders, inflammation, and skin conditions. The buccal delivery systems 

developed in this thesis have the potential to be tailored to encapsulate and deliver these minor 

cannabinoids, providing a versatile platform for future cannabinoid-based pharmacotherapy. Overall, the 

dosage forms developed provide a promising foundation for safer, more effective, and patient-friendly 

cannabinoid therapy. By overcoming pharmacokinetic barriers and enabling localized and systemic delivery, 

these innovative platforms hold promise not only for chronic pain management and multiple sclerosis but 

also for the emerging generation of cannabinoid-based therapeutics targeting diverse physiological pathways. 
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