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ABSTRACT 

Introduction: Oral squamous cell carcinoma is the most common and aggressive cancer 

occurring in the oral cavity. Intravenous chemotherapy remains a pivotal part of treatment for 

the disease; however, these drugs cause debilitating systemic side effects and are unable to 

permeate into the deep compact layers of tumorous tissue cells. Herein, the intratumoral 

delivery of doxorubicin using a novel hydrogel blend, of chitosan/k-carrageenan and 

PluronicTM F127, for a rapid solution-to-gel thermoresponsive transition at 37 °C is proposed to 

achieve tumour-specific delivery and controlled drug release. For enhanced permeation, a novel 

monoterpene – limonene with high lipophilicity and anti-cancer effect is combined with the 

hydrogel system. 

Methods: PluronicTM F127, chitosan, k-carrageenan and limonene were prepared via cold 

mixing to form a thermosensitive hydrogel. Physicochemical characterisation was performed to 

investigate the crosslinking and thermal behaviour of the polymer blend. The most optimal 

hydrogel systems were investigated through compression, rheological, swelling and erosion 

studies. Drug release from the hydrogel system was evaluated through drug diffusion studies. 

Finally, the parallel artificial membrane permeability assay (PAMPA) was utilised to assess the 

in vitro drug permeation delivered through the thermoresponsive hydrogel system.  

Results: The polymers were able to crosslink via polyelectrolyte complexation as suggested by 

FTIR data. The addition of chitosan/k-carrageenan increased the mechanical strength and 

allowed for slow degradation of the hydrogel system over 5 weeks. The blend also enabled 

rapid gelation at ambient temperature and a sustained release of doxorubicin. The 

thermosensitive hydrogel resulted in excellent DOX incorporation. Limonene showed a 

concentration-dependent increase in the permeation rate of DOX when in the hydrogel 

formulation.  

Conclusion: The thermosensitive hydrogel demonstrates good solution-gel behaviour with 

extended drug release and improved permeability. Therefore, the system is a potential 

candidate for locally injectable gel-depot systems and could improve treatment outcomes in 

OSCC. 
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CHAPTER 1: BACKGROUND OF RESEARCH 

Chapter 1 provides an introduction and background to the study, including the rationale, aim, 

objectives, novelty, and potential beneficial applications of the proposed system.   

1.1 Background of research  

Oral cancer is the sixth most common cancer worldwide, and squamous cell carcinoma 

accounts for more than 90% of all oral cancers (Omura et al., 2014). Oral squamous cell 

carcinoma (OSCC) is caused by a combination of host genetics and environmental factors, 

including cigarette and alcohol use, betel quid chewing, and human papillomavirus infection 

(Scully and Bagan., 2009). The disease can cause pain and general discomfort, limiting 

chewing, swallowing, speaking, or causing difficulty opening the mouth. If the gums are 

affected, teeth can become loose, or dentures may no longer fit properly. Also, it can sometimes 

spread into the lymph nodes, causing a lump to appear in the neck (Scully and Bagan, 2009). 

The primary goal of the treatment for OSCC is to eradicate the cancer, prevent reoccurrence, 

and insofar as is possible, to restore the form and function of the affected parts. Intravenous 

chemotherapeutic agents such as doxorubicin, paclitaxel and cisplatin have proven very 

effective in killing cancer cells; however, these drugs also affect normal cells, causing side 

effects such as nephrotoxicity, infertility, myelosuppression, anaphylaxis, and alopecia 

(Schirrmacher, 2019). Chemotherapeutic agents also lack localised delivery, foster the 

development of complications such as oral mucositis, and do not prevent the reoccurrence of 

the disease (Haung et al., 2020). Importantly, cancer therapies face the challenge of accessing 

targets deep within the tumour tissue due to the compactness of the neoplasm, which forms a 

barrier, restricting drug diffusion and convection (Haung et al., 2020). Systemically delivered 

therapeutics encounter countless obstacles leading to a very small fraction of the drug reaching 

the tumour and unwanted distribution to healthy tissues.  

Although many studies have investigated the improvement of chemotherapeutic accumulation 

and permeation in many types of cancers (Al Sabbagh et al., 2020; Li et al., 2018, 2020), to 

date of this research, there has been no approved hydrogel system for treatment in OSCC. 

Recently, Wang et al., 2021 designed a bio-inspired tumour-responsive theranostic nano vehicle 

system loaded with melittin propeptide, theranostic probe of photochlor and gemcitabine 

prodrug, which increased the permeation in tumour mass. Although the study showed 

acceptable cytotoxic results in non-cancer cells, the present study aims to improve such results 
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and increase safety by using mostly natural ingredients such as polysaccharide polymers to 

assist the drug delivery process. Also, Wang and his colleagues did not make modifications 

targeted for the oral cavity in their delivery design, an aspect that this study explored.  

Doxorubicin (DOX) is a highly potent topoisomerase II inhibitor derived from natural products 

such as plants (Renu et al., 2018). Despite its potency in OSCC, its effectiveness remains 

restricted due to high toxicity and poor permeation into tumour cells (Li et al., 2019; Mu et al., 

2019). This study, therefore, aimed to develop a formulation that exhibits enhanced permeability 

to the tumour cells, remains localised within the tumour, maintains a controlled release of the 

drug, and possesses increased cytotoxicity to cancer cells. To achieve these effects, a 

thermoresponsive hydrogel formulation was prepared consisting of limonene (LIM). LIM is a 

cyclic monoterpene with chemopreventive and chemotherapeutic activities in cancers such as 

lung, breast, gastric, and prostate cancer (Ren et al., 2020). It is recognised as safe since it is 

used as a flavouring agent in the food industry. Its high lipophilicity contributes to favourable 

cellular absorption, leading to acceptable bioavailability in systemic circulation (Ren et al., 

2020).  

To retain the toxic DOX at the targeted area, intratumoral drug delivery is a more appropriate 

technique that will be utilised. PluronicTM F127 (PF-127) is a well-known synthetic 

thermoresponsive polymer, but factors such as poor mechanical strength and poor 

biocompatibility limit its individual use (Chatterjee et al., 2018). To that extent, chitosan (CH) will 

remain a primary polymer in this study. CH is a cationic polymer which can form polyelectrolyte 

complex (PEC) gels with anionic polymers such as k-carrageenan (kCRG). A fundamental part 

of this study was to evaluate CH and k-CRG for their crosslinking ability and thermosensitivity in 

combination with PF-127.  

1.2 Rationale and motivation  

In the last 30 years, the 5-year survival rate of patients with OSCC has failed to increase despite 

advances in diagnostic techniques and treatment modalities (Almangush et al., 2020). In 2020 

alone, the World Health Organization International Agency for Research on Cancer, reported 

377 713 new oral cancer cases, of which 1933 were from South Africa (Sung et al., 2021). The 

global number of oral cancer deaths was 177 757, in which South Africa boasted 814 deaths 

(Sung et al., 2021). These statistics prove that oral cancer is of great global and national 

concern. With squamous cell carcinoma being the most common oral cancer, one can only 

conclude that a large portion of these figures is credited to OSCC. Indeed, the incidence and 
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prevalence of OSCC is increasing, particularly in younger persons. In a country such as South 

Africa where youth engage in high-risk activities such as smoking and excessive alcohol intake 

(Reddy et al., 2015), improved treatment for OSCC is of high relevance.  

Also, due to the adverse effects caused by traditional anti-cancer therapies, poor compliance in 

cancer therapies including OSCC, is heightening. Ultimately, this may negatively influence 

patients’ clinical outcomes and, in turn, cause an increase in costs, number of hospitalisations 

and time spent in the hospital, thus increasing the burden on the already strained healthcare 

system in South Africa. Furthermore, oral cancer treatment may include surgery that involves 

removing large areas of facial features. Altered facial appearance can cause social isolation and 

psychological distress in patients (Valdez and Brennan, 2018). These facts reflect the urgent 

need for innovative drug delivery systems, such as that explored in this study, to transform oral 

cancer treatment in South Africa and the world at large. 

1.3 Novelty of study  

The novelty of this study stems from the incorporation of LIM within a thermoresponsive 

hydrogel system to enhance permeation in intratumoral delivery. This improvement is expected 

to grant superiority compared to other available OSCC treatments since cancer cells will be 

better targeted. LIM has provided enhanced flux and permeation when used in a cellulose 

hydrogel for the delivery of flurbiprofen to the stratum corneum (Fang et al., 2003). It has also 

shown decreased thermal stability of curcumin and gellan gum hydrogel as well as a decrease 

in swelling capacity when designed as a film for wound dressing (Jaafar and Thatchinamoorthi, 

2018). These studies have therefore proven the compatibility of LIM for hydrogel incorporation. 

Although the poor thermal stability and swelling results, as identified by Jaafar and 

Thatchinamoorthi (2018), are unfavourable, the use of the different polymers and concentrations 

suggested herein may be beneficial in achieving better results. The novelty in the proposed 

study, therefore, lies in the further investigation of whether the LIM-hydrogel compatibility 

applies in the context of CH-kCRG and PF-127, a novel crosslinking polymer blend, for the 

desired permeation effect and the production, if at all, of their thermoresponsive ability at normal 

body temperature.  

Furthermore, the present knowledge of LIM as a permeability enhancer for oral tumours is still in 

its infancy. In contrast to the skin, the oral cavity is covered by a stratified epithelium and three 

different types of oral mucosa. These reflect the functional demands put upon different regions 

of the oral cavity, making permeation in this area challenging. It is, therefore, sensible to 
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investigate and modify LIM-hydrogel formulations for cancer, in order to realise its full potential 

in intratumoral permeation. 

1.4 Potential therapeutic applications of the drug delivery system (DDS):  

- Potential use for intratumoral delivery of DOX in OSCC. 

- DDS could be used for intratumoral delivery in various types of cancers. 

- DDS could be used as a carrier for other drugs to target tumours.  

- DDS could be employed for veterinary use in site specific diseases. 

- Potential for use as transdermal therapy for various diseases. 

- Could serve as a replacement for wound care in oral cancer since polysaccharide 

polymers possess proven tissue-healing properties.  

1.5 Aim  

The aim of this study was to investigate the potential for crosslinking and thermal gelation of 

PF-127, kCRG and CH polymers, as well as to enhance the permeation of DOX, using LIM.                                                                                                                                              

1.6 Objectives 

I. To synthesise DOX-LIM, CH/kCRG/PF-127 hydrogel solution. 

II. To evaluate the pH of the hydrogel solution. 

III. To assess molecular transitions and crosslinking of the hydrogels using Fourier-transform 

infrared spectroscopy (FTIR). 

IV. To assess the thermal profile of the hydrogels using differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA). 

V. To determine the viscoelastic behaviour of the hydrogel system using rheological 

analysis. 

VI. To assess the compression strength of the thermoresponsive gel at 37 ± 2 °C, using a 

mechanical analyser. 

VII. To determine swelling and erosion kinetics of the thermoresponsive hydrogel.  

VIII. To determine the loading capacity of DOX in the thermosensitive hydrogel system using 

high-performance liquid chromatography (HPLC). 

IX. To perform in vitro drug release studies of the hydrogel formulations by determining DOX 

diffusion at 37 ± 0.5 °C. 

X. To investigate the permeation of DOX by employing the Parallel Artificial Permeability 

Assay (PAMPA) kit.  
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1.7 Conclusion 

This chapter provided a brief overview of OSCC and the treatment limitations associated with 

the disease, particularly for the chemotherapeutic drug DOX. A delivery strategy using 

thermoresponsive hydrogels and a permeation enhancer was highlighted as a potential 

resolution. In addition, the rationale, aim, objectives, and novelty of the current study were 

discussed. 
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CHAPTER 2: LITERATURE REVIEW 

Chapter 2 reviews the literature on oral squamous cell carcinoma – its detailed structure and 

impact on patient health and drug delivery.  The current treatment available for oral squamous 

cell carcinoma is discussed, along with its challenges and strategies for improvement.  

2.1 Introduction 

Oral squamous cell carcinoma (OSCC) is a common malignant tumour of the head and neck 

cancer category. The treatment of OSCC involves a carefully thought out and complex 

treatment procedure, either involving surgery, radiation and or chemotherapy. Satisfactory 

treatment outcomes are substantially dependent on the correct surgical consideration and 

procedure, the patient's overall health and the correct choice of chemotherapy and or radiation 

treatment (Liu et al., 2013). Unfortunately, patients continuously report constrained living as a 

result of cancer treatment, especially chemotherapy (Kessler et al., 2004). Oftentimes, there is 

also a reoccurrence of the disease after treatment, revealing the shortcoming of chemotherapy 

and radiation. The physical and emotional health of the patient is greatly affected during this 

period and for some, their quality of life may be prioritised over long-term survival. Chang and 

colleagues conducted a study investigating multidisciplinary team care and patient completion of 

their treatment regimen for OSCC. The study revealed that up to 12% of patients with access to 

therapy either did not complete their treatment, interrupted their ongoing treatment, or 

terminated definitive treatment (Chang et al., 2021). The researchers further reported the 

reason to be that the patient or their families or friends were worried about the negative 

treatment effects (Chang et al., 2021). This contributes to the rising number of deaths caused by 

OSCC yearly.  

From the above discourse, it is evident that the quality of life during and after treatment is an 

important consideration for OSCC patients when deciding to start or continue with the 

recommended therapy. Based on the progressive increase in new oral cancer cases yearly, it is 

anticipated that such challenges shall continue if OSCC treatment is not improved to preserve 

the patient's quality of life. For this reason, the exploration of novel drug delivery systems for 

effective treatment therapy is a priority, and thus, a novel DDS aimed at the treatment of OSCC 

is the primary focus of this study. To contextualise this study, one must first understand the 

reason for the undesired treatment outcomes in OSCC therapy, which sometimes lead to non-

adherence and, ultimately, death. To that end, this chapter will assess the challenges of OSCC 
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treatment with a special focus on physiological and pharmacological reasons. The treatment 

modalities available, as well as formulation development considerations, will also be discussed. 

2.2 Current treatment challenges in OSCC 

The oral cavity has a complex environment and is the main port of entry for carcinogenic agents 

such as tobacco and alcohol, making it a good target for cancerous growth. Treatment selection 

in OSCC is dictated by the nature of the carcinoma and by the general health condition of the 

patient. More specifically, determining factors of treatment outcomes include the anatomical site 

affected by the carcinoma, the clinical size, the extent of local invasion, expanse of hypoxia, 

tumour pH, histopathological features, regional lymph node involvement and distant metastasis.  

Surgery is often the first line of treatment for small, accessible OSCCs (Bijai et al., 2014). 

However, OSCCs that have advanced in stage are treated by a combination of chemotherapy, 

radiotherapy, and surgery (Bijai et al., 2014). The use of chemotherapy in oral cancers is very 

common, and it works by destroying rapidly growing cells in the body. Although cancerous cells 

are the intended target, normal cells like hair follicles and cells that line the digestive tract are 

also destroyed since they too divide rapidly. Side-effects such as immunosuppression and 

gastrotoxicity are therefore, common with the utilisation of chemotherapy. Additionally, the 

structural defects of OSCC and poor drug properties, such as low solubility and poor 

permeation, make it difficult for anti-cancer agents to easily access and destroy oral squamous 

cells. It is for this reason that scientists have targeted efforts to remedy these challenges by 

exploring advanced drug delivery systems and strategies. Herein, the physiological constraints 

and the current challenges in OSCC treatment are discussed. 

2.2.1 Anatomy of OSCC 

As the name suggests, OSCC develops in the squamous layer of the oral cavity with an initial 

ulcer wound around the affected area (Figure 2.1). The National Comprehensive Scientific 

Network allots OSCC into 7 different anatomical locations. As depicted in Figure 2.2, these are 

the buccal mucosa, alveolar ridge, tongue, retromolar trigone, the floor of the mouth, hard 

palate, and mucosa of the lips (Pfister et al., 2020). All these areas within the oral cavity are 

lined by squamous cells and are, therefore, susceptible to the formation of squamous cell 

carcinoma. 
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Figure 2.1: Structural representation of oral squamous cell carcinoma. 

 

 

Figure 2.2: Representation of the anatomical locations of OSCC occurrence.  
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The anatomical location of the OSCC plays a substantial role in determining treatment and 

patient survival (Kerker et al., 2018). According to a single centre study in Taiwan hosting 3010 

OSCC patients, alveolar ridge and hard palate OSCCs carried a higher risk of mortality than 

OSCCs at the other subsites (Lin et al., 2021). A probable explanation is that tissue adjacent to 

the tumour can be a channel for tumour invasion directly into the muscle, neurovascular tissue 

and bone, or for regional or distant node metastasis, making treatment difficult, especially the 

proposed intratumoral delivery. Hence early diagnosis is vital for effective treatment outcomes.  

2.2.1.1 Tumour vasculature and hypoxia  

Irrespective of the anatomical location, the basic structure of the squamous cell tumour remains 

the same. OSCC presents a locally aggressive tumour with unrestrained growth and possible 

extensive necrotic areas, as depicted in Figure 2.3. Its blood vessels are unevenly distributed 

throughout the tumour, harbouring an elongated, dilated, and twisted structure with blind ends, 

often leading to avascular areas (Shannon et al., 2003). These avascular areas in the tumour, 

therefore, become hypoxic and eventually necrotic. Hypoxia is a common characteristic that 

contributes to local and systemic cancer progression, resistance to therapy and, ultimately, poor 

prognosis (Qian et al., 2016). For example, the primary mechanism in radiation is the creation of 

reactive oxygen species; hypoxic tumours are, therefore, resistant to radiation. Since the tumour 

has restricted vasculature due to its rapid proliferation, a diffusion barrier exists between the 

chemotherapeutic drug-supplying blood vessels and the tumour cells, making drug delivery to 

hypoxic areas difficult.  
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Figure 2.3: Oral squamous tumour showing necrotic and hypoxic areas. 

Expanding on the topic of vasculature, its absence and/or abnormality in supportive tumour 
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characteristics and clinical condition. For example, in a patient with low blood pressure, the 

hydrodynamic force pushing blood from the luminal side of a vessel into tumour tissue becomes 
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2.2.1.2 Tumour pH 

The average mucosal pH in the oral cavity is 6.78 (Aframian et al., 2006). This is similar to the 

extracellular pH of oral cancer cells, which ranges between 6.8 – 7.0 (Becelli et al., 2007). 

Energy supply and cell constituents are crucial for the infinite proliferation of cancer cells. When 

oxidative phosphorylation is transformed to glycolysis to sustain energy production, lactate is 

generated, creating an acidic microenvironment in tumour cells (Mohajertehran et al., 2019). 

This acidic environment is also closely connected to hypoxia in the tumour, as acidosis is more 

pronounced in hypoxic areas of the tumour. Furthermore, it has been reported that oral 
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squamous cells display enhanced glutamine metabolism, called glutaminolysis (Mohajertehran 

et al., 2019). These findings suggest that the pH of the microenvironment around cancer cells 

changes according to the levels of acidic and alkaline metabolic products, such as ammonia 

and lactic acid (Morishima et al., 2017). In oral cancer tissue, a high concentration of lactic acid 

was found to increase the risk of metastasis (Rai et al., 2018). Most anti-cancer drugs used in 

OSCC are either weakly basic or weakly acidic. Specifically linking with this study, a low pH 

environment will inhibit the uptake of weak bases such as DOX. This is because weakly basic 

anti-cancer agents are ionisable at the interstitial fluid, which decreases their partitioning, and if 

they cross the plasma membrane, they are secluded in acidic vesicles (Mahoney et al., 2003).  

2.2.1.3 Depth of invasion and tumour thickness 

The depth of invasion can be defined as the perpendicular distance between the extents of 

deep tumour invasion to the basement membrane of the adjacent mucosa (Chang et al., 2019). 

The depth of invasion of the primary tumour is the most critical histologic characteristic that 

substantially influences therapy selection and final prognosis (Boeve et al., 2019). Lesions that 

are in situ or superficially invasive have a decreased probability of regional lymph node 

metastasis and are highly treatable (Caldeira et al., 2020; Chang et al., 2019). Likewise, the 

influence of original tumour thickness is well shown in early-stage oral tongue and floor of mouth 

carcinomas. Tumour thickness represents the perpendicular distance between the highest point 

of the tumour surface and the deepest point of the infiltrative front of the tumour (Dirven et al., 

2017). Figure 2.4 demonstrates the difference between the depth of invasion and tumour 

thickness. Studies have not quite investigated the effect of tumour thickness on the delivery of 

anti-cancer treatments such as chemotherapy. Perhaps because surgery is the first option for 

treatment of a primary tumour, and it is difficult to retrieve reliable results, as for the same 

thickness size, some tumours represent a single solid mass, while others represent small, 

scattered masses spaced out, but grouped as one tumour. Drug permeation in the two 

scenarios is, therefore, difficult to assess as a function of thickness. However, investigations 

have focused on the correlation between tumour thickness and tumour metastasis and local 

recurrence, which has been shown to increase with increasing tumour thickness 

(Balasubramanian et al., 2014).  
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 Figure 2.4: Schematic depicting the measurement of depth of invasion and tumour thickness. 

2.2.1.4 Histopathological differentiation 

Morphological assessment of tumours can be classified based on the cancer cell differentiation 

into well, moderately and poorly differentiated carcinomas (Abdel Razek, and Nada, 2018; 

Lallas et al., 2015) (Figure 2.5). The well-differentiated squamous cell carcinoma cells resemble 

the neighbouring benign squamous epithelium. They are large, eosinophilic, and polygonal, with 

a design pattern that resembles squamous cell epithelium (Bratu et al., 2015). The moderately 

differentiating squamous cell carcinoma is less similar to normal squamous epithelium. The 

tumour cells are still in nests, and some larger, eosinophilic, polygonal cells attempt to layer 

themselves in a squamous manner, but the overall resemblance to normal squamous epithelium 

is less obvious (Lallas et al., 2015). The poorly differentiated squamous cell carcinoma has lost 

much of its squamous epithelial features and architecture.   

Well-differentiated, low-grade OSCC usually metastasises to regional lymph nodes after 

invading connective tissue, muscle or bone (Abdel Razek and Nada, 2018). On the other hand, 

poorly differentiated, high-grade oral cancer tends to be more aggressive and metastasise to 

regional lymph nodes early in the course of the disease (Padma et al., 2017). Although 

unknown in OSCC, there have been reports of other cancer types supporting greater 

penetration and cytotoxicity of anti-cancer drugs in loosely packed well-differentiated cells as 

compared to moderate and poor differentiation (Grantab. and Tannock, 2012). This may be a 

limitation for OSCC treatment wherein most of the cells observed in patients were either 

moderately or poorly differentiated in a single-centre study completed by Khaleel and 

colleagues in 2015. 
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Figure 2.5: Degree of differentiation of OSCC cells across varying clinical stages (a-d) well-

differentiated, (d-f) moderately differentiated, (g-l) poorly differentiated (Zhang et al., 2020). 

Reproduced with permission from Springer Nature © 2020. 

2.3 Clinical interventions: the challenges  

When treating OSCC, it is important to strive for complete tumour eradication,  

while optimising aesthetic form and preserving aerodigestive function,  

including respiration, mastication, dental health, swallowing, and speech. To that extent, current 

treatments for cancer mainly rely on surgical intervention, radiotherapy, and chemotherapy. 

Although effective, the lack of access, poor permeation, and systemic side-effects of these 

treatments substantially decrease patients' quality of life and limit their treatment outcomes.  

2.3.1 Side-effects 

The side-effects and disadvantages of cancer treatments are present across all treatment types, 

including surgery, radiation and chemotherapy. These side-effects promote non-adherence to 
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treatment regimen, or a general reduced quality of life for those who opt to continue with 

treatment. 

2.3.1.1 Surgery 

Surgery is the predominant treatment for oral cancer in which the bulk of the tumour is 

removed. However, due to inadequate cellular discrimination in most tumours, removal is 

often incomplete and leads to metastatic growth (Sakamoto et al., 2016). Approximately 

two-thirds of patients with oral cancer present with stage III or IV (late stage) disease 

(Mackinnon, Sornalingam, and Cooper, 2021). This group of patients pose a surgical 

challenge, as the disease extends to more than one of the sub-sites of the oral cavity and/or 

has regional spread in the neck to cervical lymph nodes.  

Surgical treatment in oral cancer causes several acute and chronic side-effects such as 

difficulty breathing, speaking, swallowing and disfigurement of the facial structure. For this 

reason, patients may hesitate or refuse to undergo surgery. Most OSCC patient groups with 

a long history of alcohol consumption, smoking and betel quid chewing often have a high 

association with co-morbid diseases such as heart, lung, and liver disorders, making surgery 

a contraindication due to their overall poor general health (Wang et al., 2020).  

2.3.1.2 Radiation  

Radiation therapy utilises ionising energy to destroy cancer cells and remains a common 

method for the treatment of oral cancer. It is often used alone as a curative therapy or as 

adjuvant therapy before or after surgery or chemotherapy to reduce the risk of recurrence 

(Sher et al., 2011; Hosni et al., 2019). Although the method may be effective, radiotherapy 

poses several side-effects within the oral cavity. Patients suffer an increased risk of 

mucositis, xerostomia (dry mouth), loss of taste, fibrosis of the muscle, vascular and 

lymphatic tissues, and infection (Lalla et al., 2017). 

Mucositis is a painful and frequent complication of radiation therapy (Brandão et al., 2018). It 

involves inflammation in the oral mucosa and can range from severe to mild depending on 

the dose and exposure of radiation (Arun et al., 2020). Radiation-induced oral mucositis is 

manageable and normally subsides shortly after radiation treatment has ceased. 

Unfortunately, the same is not true for complications relating to xerostomia and muscle 

fibrosis, which are lingering effects of radiation.   
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Xerostomia is the most prevalent side-effect of radiation. It is prominent during the first week 

of radiation and can become permanent when the radiation dose exceeds 3000 cGy (Tribius 

et al., 2013). The total dose of radiation typically prescribed for oral cancer patients is 

5000 cGy to 7000 cGy (Kimple and Harari, 2014). When examining the mechanism of 

radiation, it is conclusive that this effect is caused by the non-targeted therapy strategy 

resulting in irreversible cell damage to the salivary glands. Because of the decreased 

production and flow of saliva, the oral cavity may be unable to naturally rinse off food 

particles and debris that remain in the mouth. Consequently, the mouth becomes flooded 

with unwanted microbiomes, resulting in increased tooth decay and oral infection (Anjali et 

al., 2020; Lalla et al., 2017). Radiation is therefore followed by a lifelong aggressive 

preventative measure of oral hygiene, which many patients struggle to adhere to (Levi and 

Lalla, 2018; Lalla et al., 2017). 

Fibrosis is another inconvenient and irreversible side-effect of radiation therapy. During 

radiation, the normal wound healing process is distorted, resulting in excessive production 

and deposition of extracellular matrix at the radiation injury site (Jacobson et al., 2017). This 

leads to trismus, wherein the soft tissues such as the skin, muscles and ligaments become 

firm or hard (Koerdt et al., 2015). Trismus is recognised by the inability to open the mouth 

sufficiently wide, which may interfere with eating and practising proper dental care (Ahadian 

et al., 2020). Additionally, the bone is also affected; if a dental extraction is necessary after 

radiation therapy, there is a possibility that the bone will not heal properly, leading to 

infection. These are lifelong problems that will not resolve after radiation therapy is 

complete. It remains uncertain whether radiation-induced fibrosis is dose-dependent as 

several studies have reported contrasting results (Goldstein et al., 1999; van der Geer et al., 

2015; Gebre-Medhin et al., 2016). 

2.3.1.3 Chemotherapy  

Various chemotherapeutic drugs exist for the treatment of oral cancer, with their mode of 

action being an interference with the normal function of DNA and RNA. They are used alone 

or in combination and are usually given in cycles every few weeks. It is well established that 

drugs in the pharmaceutical field can be characterised using the biopharmaceutics 

classification system (BCS), which denotes the degree of solubility and permeation. In this 

system, drugs are divided into four distinct classes – class I: high solubility, high 

permeability; class II: low solubility, high permeability; class III: high solubility, low 
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permeability; class IV: low solubility, low permeability. Unfortunately, most chemotherapeutic 

drugs used in the treatment of oral cancer are class IV drugs. To achieve acceptable 

therapeutic concentrations post-administration, pharmaceutical formulations of these drugs 

are typically limited to parenteral formulations. This highlights the necessity for the 

development of novel DDS for chemotherapeutic drugs. Table 2.1 shows a list of 

chemotherapeutic drugs used for solid tumours, their extent of solubility and the various 

commercially available improved formulation types.  

Table 2.1: Solubility of chemotherapeutic agents and their smart drug delivery systems 

Drug Solubility in 

aqueous 

solution 

(mg/ml) 

Advanced/Smart 

DDSs available  

Reference  

Cisplatin ∼2.5 Lipoplatin (liposomal) Jayasuriya and Darr, 

2013 

Paclitaxel ∼0.002 Nab-paclitaxel 

(Albumin 

nanoparticle-based) 

Dordunoo and Burt, 

1996 

Miwa et al., 1998 

Doxorubicin   1.18  Lipodox (liposomal) 

Myocet (liposomal) 

Bruda et al., 2017 

D'Angelo et al., 2022 

Docetaxel 0.006 – 0.007 N/A Du et al., 2007 

Daunorubicin ∼0.3 Vyxeos (liposomal) Chu et al., 2016 

5-Flouroucil 12  N/A Goindi et al., 2014 

Carboplatin 14 N/A Mittal, Chitkara, and 
Kumar, 2007 

Tamoxifen ∼0.0003 N/A Öztürk-Atar, Kaplan, 

and Çalış, 2020 

 

The intravenous route also delivers a potentially high concentration of drugs to normal 

tissues, resulting in overall toxicity. Several anti-cancer agents and their excipients are 

biologically reactive and may trigger the release of various vasoactive substances, 
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sometimes resulting in life-threatening reactions (Raza et al., 2019). For example, paclitaxel 

contains poly ethoxylated castor oil, which is associated with severe side-effects of 

neurotoxicity and hypersensitivity reactions (Mao et al., 2021). Chemotherapeutic oral 

formulations are also not exempt from limitations. They have a short biological half-life, poor 

patient compliance, low therapeutic index, are prone to the development of resistance, lack 

the ability to achieve therapeutic concentrations at the target oral site and have insufficient 

bioavailability due to limited aqueous solubility, degradation in gastrointestinal fluids and/or 

affinity for intestinal and liver cytochrome P450 (CYP3A4) and P-glycoprotein (Reshma et 

al., 2019; Li et al., 2018; Tang et al., 2018). 

2.3.2 Permeation of chemotherapeutics  

Permeability is defined as the ability of a drug to cross through a biological membrane. Passive 

diffusion controls the permeation of conventional chemotherapeutic drugs from the intravascular 

to the interstitial space (Borys and Dewhirst, 2021; Derieppe et al., 2019) and is reliant on EPR. 

The EPR effect is a concept based on the accumulation of a drug in the interstitial fluid of the 

diseased tissue because of the structural abnormalities found in tumours, such as leaky vessels 

(Figure 2.6).  

  

Figure 2.6: Drug permeation through passive targeting. Chemotherapeutic drugs penetrate 

through leaky vessels in the tumour. 
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Chemotherapeutic drugs have been known to exert poor permeability to their target cancer 

cells. Studies have revealed that these drugs generally only penetrate approximately 50 μm 

from the nearest vessel, with little to no drug reaching distant tumour cells and potentially 

resulting in the development of drug resistance (Saggar and Tannock, 2014; Primeau et al., 

2005; Tannock et al., 2002). Various factors can influence the potential for or degree of drug 

permeation. Amongst these, the p-glycoprotein (P-gp) is one of the major restrictions of 

permeability in cancer cells (De Vera et al., 2019; Qian et al., 2019b). Its mediated efflux 

mechanism can reduce the intracellular accumulation of chemotherapeutic drugs in most 

resistant cells (Kebsa et al., 2018). Drugs such as DOX and cisplatin are usually isolated in the 

cytoplasm where they are expelled, failing to reach the nucleus (Astuti et al., 2019), which is the 

targeted site of action for most anti-cancer drugs. Furthermore, many chemotherapeutic agents 

are also substrates of drug-resistant proteins such as P-gp, multidrug resistance-associated 

proteins, and ATP-binding cassette transporter superfamily, thus contributing to the decrease in 

intracellular permeation and ultimate poor drug efficacy (Jianmongkol, 2021).  

Most chemotherapeutic drugs have a high molecular weight (MW), and this feature is a 

substantial barrier to drug penetration. For example, DOX has a MW of 544 g/mol, and 

paclitaxel has a MW of 853 g/mol. Therefore, these agents experience a decreased permeability 

into tumour cells. However, once diffused from the blood vessel into tumour tissue, the drug 

retains for a longer period, assisting in tumour reduction. Low MW drugs are easily diffused by 

the passive diffusion mechanism from blood vessels into the interstitium of tumour tissue. 

However, these drugs cannot be retained in tumour tissue for a sufficiently long period due to 

their smaller size, and they, therefore, get freely into the systemic circulation. This is especially 

pertinent in the use of nanoparticles for the delivery of chemotherapeutics, reported later in this 

chapter. 

To circumvent the challenges associated with the delivery of chemotherapeutic drugs, clinicians 

have implemented the use of intratumoral delivery, which delivers the drug directly at the site of 

the cancer tumour. Although this strategy delivers the drug directly at the target site, the 

challenge of chemotherapeutic intratumoral delivery lies in the lack of equal dispersion 

throughout the tumour for an extended period. Chemotherapeutics, such as DOX, are 

hydrophilic, yet tumours often contain a high percentage of lipids (Halczy-Kowalik et al., 2019). 

Aqueous formulations are therefore not well absorbed into these tumours and will leak out of the 

tumour and into the blood vessels, defeating the purpose of local delivery. For highly protein-

bound anti-cancer agents such as DOX, actinomycin D, and vincristine, the limited drug 
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penetration to tumour cells that are removed from the blood supply is considered a cause of 

suboptimal drug effects. 

2.3.3 Inaccessibility of treatment 

Finally, despite radiotherapy, surgery and chemotherapy forming a crucial part of oral cancer 

treatment, many patients lack access to these treatment options. It has been reported that 28 

African countries have no radiation facilities, and the existing radiotherapy centres tend to be 

outdated or non-operational (Zubizarreta et al., 2015). Almost 60% of available radiotherapy 

equipment in Africa is housed in South Africa and Egypt (Bishr and Zaghloul, 2018). Issues 

such as poverty, political instability, and untrained personnel have led to this service sitting low 

on governments' priorities (Bishr and Zaghloul, 2018; Anakwenze et al., 2017). This negatively 

impacts patients' treatment outcomes wherein therapy is delayed or simply inaccessible.  

Additionally, patients in undeveloped and developing areas are unable to access medical 

centres with qualified personnel who are capable of the complex and comprehensive demands 

of oral surgery or simply, the patients may lack sufficient socioeconomic support or resources to 

receive surgical or chemotherapeutic treatment. Therefore, a substantial proportion of oral 

cancer patients still do not receive definitive anti-cancer treatment, particularly in African 

countries (Wang et al., 2020). 

2.4 Requirements for an ideal DDS 

Despite surgical excision being the first choice of therapy for oral cancers, the permanent 

physiological impairment of oral and maxillofacial regions limits its preference as a treatment 

option. While radiation is part of supportive treatment, its access is severely limited in 

undeveloped and developing countries. To that end, chemotherapy remains the backbone of 

cancer treatment despite its poor bioavailability, as detailed previously. The design of an 

improved DDS for chemotherapy is therefore necessary. This would enhance treatment 

outcomes and extend lives. Patients would enjoy a better quality of life during and after therapy. 

Importantly, side-effects would be significantly reduced.  

There are various drawbacks that need to be resolved to reach optimum therapeutic outcomes. 

Foremost, the issue of systemic toxicity must be addressed. A DDS should only deliver the drug 

at the oral tumour site, limiting the dreadful side-effects involved in cancer therapy; normal cells 

should be spared and only cancer cells targeted to achieve this effect. Secondly, the ideal 

system should provide maximum toxicity to cancer cells preventing further recurrence or 
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metastasis. This maximum toxicity can only be obtained if a high concentration (within 

therapeutic levels) of the drug reaches the target and remains there for a prolonged period 

under controlled release; and if the drug is able to permeate throughout the avascular tissue, 

deep into the hypoxic areas and directly into the neoplasm of the oral squamous cells, resisting 

microenvironmental changes inside and outside the tumour site.  

Furthermore, as chemotherapy/radiation/surgery negate wound healing capacity, which is 

evident in the side-effects previously discussed, it is essential for an ideal cancer treatment to 

support wound healing or have little to no impact on the rapidly dividing tissue cells of healing 

wounds in the oral cavity. The delivery system should not interact adversely with the tumour 

environment, encouraging unnecessary microbial growth, rather, it should target/resist drug-

resistant genes such as P-gp, MDRI, ABCG2 and AT3B-1 cells reportedly present in OSCC 

(Jianmongkol, 2021). Depending on the type of system design, certain requirements may further 

come into play. Finally, an ideal system should have simple preparation methods, be easy to 

administer, inexpensive and accessible to all OSCC patients. 

2.5 Drug delivery systems 

The topic of improved delivery strategies in cancer therapy is not new. Researchers have tried 

and tested several methods over the past years for chemotherapeutic delivery. In this context, 

many promising tumour-targeting systems have emerged; the most prominent, broadly termed 

"smart drug delivery systems", are discussed further in this chapter. 

2.5.1 Nanoparticles 

Nanoparticles have received much attention as a drug delivery strategy in cancer due to their 

small size (1-100 nm). They solve the problem of non-specific biodistribution, lack of targeting, 

lack of aqueous solubility, poor oral bioavailability, and low therapeutic indices of conventional 

chemotherapeutic drugs (Alavi et al., 2022; Fan et al., 2021; Li et al., 2020). Tumour tissue 

vasculature tends to be leakier (gaps as large as 200 to 2000 nm between adjacent endothelial 

cells of a tumour), thus enabling entry and accumulation of nanoparticles at the interstitial space 

of the tumour (Wang et al., 2018; Dewhirst and Secomb, 2017). Unfortunately, tumour 

structures differ depending on their type, stage and location, and hence, nanoparticles do not 

always succeed in reaching and delivering chemotherapeutic agents to every tumour type. The 

accumulation of nanoparticles in tumour tissues also depends on size, shape, surface 

http://etd.uwc.ac.za/



Chapter 2: Literature review 

24 
 

properties, charge, circulation half-life of the nanoparticles and the degree of angiogenesis of 

the tumour (Wang et al., 2019; Bhattacharya et al., 2020).  

Although nanoparticles offer several advantages for targeted drug delivery, disadvantages 

include burst release, poor bio-adhesion and irreversible deformation; therefore, nanoparticles 

may not be suitable for long-term administration (Lai et al., 2021; Hu et al., 2018). Presently 

available are some nano-based formulations on the market for drug delivery in breast cancer 

and ovarian cancer, such as nab-paclitaxel, however, no system has been FDA-approved for 

treatment in OSCC yet. Albeit a potential nano-based system has been designed by Nanobiotex 

for injection directly into an OSCC tumour prior to a patient's first radiation treatment. The 

design has received the European conformity (CE) certification and is currently undergoing FDA 

investigation for approval. It is named Hensify® or NBTXR3 and is based on helium oxide 

nanoparticles which help to localize the cytotoxicity of radiotherapy treatment, ensuring high 

dose is received in the tumour (Bonvalot et al., 2019). Its clinical efficacy has been proven in 

several studies and continues to be investigated by many researchers (Le Tourneau et al., 

2017; Zhang et al., 2021; Hoffmann et al., 2021). Currently, BNT113 in combination with 

pembrolizumab is also being investigated for its therapeutic efficacy in head and neck cancer 

(Sun et al., 2021; ClinicalTrials.gov, 2021). The system is based on size and charge RNA-

lipoplex nanoparticles for targeting dendritic cells to elicit immune response against 

oncoproteins E6 and E7 (Sun et al., 2021). Participants are still being recruited for phase 2 

clinical trials (ClinicalTrials.gov. (n.d.)a, 2021). 

2.5.2 Liposomes  

Liposomes have been widely explored as drug carriers for various cancers. They have a 

spherical structure with a hydrophilic core, which is surrounded by amphiphilic lipids. Their 

hydrophobic core and hydrophilic lumen enable the encapsulation of hydrophobic and 

hydrophilic drugs, respectively. The lipids assist with their clearance from systemic circulation 

(La-Beck et al., 2021). The surface charge and size also affect their clearance; hydrophobic 

surfaced liposomes greater than 200 nm promote opsonisation and reticuloendothelial system 

uptake (Petrini et al., 2021; Sun et al., 2017). To achieve targeted delivery, liposomes rely on 

ligands such as peptides, transferrin, mannose, folate, asialoglycoprotein, and antibodies 

(d'Avanzo et al., 2021; Deshpande et al., 2018; Minnelli et al., 2018). An example of a well-

studied anti-cancer liposomal agent is Doxil® which was FDA approved in 1995. Although the 

design has shown several benefits such as dose reduction and decrease in side-effects, it's 
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extremely low permeability values on the order of 10− 12 cm s− 1 is still cause for concern 

(Russell, Hultz, and Searson, 2018). Other challenges of liposomal drug delivery include the low 

drug loading capability, rapid liposomal structure decomposition before any therapeutic activity 

is achieved, and expensive preparation methods.  

Liposomes can also be designed as smart delivery systems to respond to physiological stimuli. 

pH-sensitive liposomes are stable at physiological pH yet destabilise at acidic pH, such as at the 

tumour site (Park et al., 2020; Nunes et al., 2021). Temperature-sensitive liposomes rely on 

external local heating above body temperature to release the chemotherapeutic drug. Cao and 

coworkers designed a hybrid DDS consisting of an injectable liposomal DOX-loaded PLGA-

PEG-PLGA thermogel (Cao et al., 2019). The DDS was able to sustain drug release, enhance 

the anti-cancer efficacy through localised therapy and managed to reduce cytotoxicity, 

particularly cardiotoxicity (Cao et al., 2019). 

2.5.3 Hydrogels  

Hydrogels have received plenty of attention since their discovery in the 1960s. More recently, 

they have been greatly employed in targeted cancer research because of their highly 

biocompatible, biodegradable and versatile nature, which allows them to respond to external 

stimuli (Lima-Sousa et al., 2020; Rezk et al., 2019; Bilalis et al., 2018). These hydrogels can be 

injected directly at the site of the tumour, forming a semi-solid or solid gel in response to a 

stimulus. In addition, the well-adhering capacity of polysaccharide-based hydrogels to biological 

tissues and mucosal surfaces renders them a good choice for developing biomaterials in the 

biomedical field (Fan et al., 2021). Their wound healing and tissue engineering capacity are also 

beneficial, considering tissue repair needed after surgery and the reduction of wound healing 

that accompanies chemotherapy in oral cancer. Examples of polymers used for hydrogel design 

are chitosan, gellan gum, xanthan gum, hyaluronic acid and methylcellulose.  

2.5.3.1 Stimuli-responsive hydrogels 

Hydrogels can be designed to respond to various external stimuli such as pH, light, magnetic 

field and temperature. These systems follow the normal physiological process of tumour cells 

and have been explored in cancer treatment. 
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2.5.3.1.1 pH-responsive hydrogels 

pH-responsive hydrogels release chemotherapeutics based on the pH of the target tumour. The 

polymers induced in this type of hydrogel undergo a sol-gel phase transition due to acidic 

functional groups, such as sulfonic acid and carboxylic acid or basic groups, such as 

ammonium, that accept or donate protons caused by changes in the environmental pH (Pandit 

et al., 2021). A novel injectable, self-healing and pH-responsive hydrogel was successfully 

designed by combining carboxyethyl-modified chitosan and aldehyde-modified hyaluronic acid 

for the release of DOX (Qian et al., 2019a). The pH-dependent gel swelling, and DOX release 

behaviour confirmed that hydrogels could release drugs in response to pH conditions within the 

tumour microenvironment (Qian et al., 2019a). 

2.5.3.1.2 Photosensitive hydrogels 

Photosensitive hydrogels are polymeric networks that undergo physical or chemical changes in 

response to light. These molecules undergo a change in geometrical and macroscopic structure 

as a result of light exposure (Chang et al., 2019). Mechanisms that control photosensitivity are 

photoisomerisation, photocleaving and photosensitive dimerisation (Liu et al., 2019). However, 

human tissue is the main obstructor of phototherapy, as the penetration depth of light is only a 

few centimetres depending on the applied wavelength, and this can hinder the desired structural 

modification and, therefore, drug release (Lu et al., 2020; Ji et al., 2018). To overcome this 

challenge, Brevé and colleagues (2021), investigated the potential of in situ generated light, 

known as Cerenkov luminescence, and its employment as a drug release trigger (Brevé, et al., 

2021). The researchers synthesised two phenacyl bis-azide crosslinkers, which they 

incorporated in dextran-based hydrogels to enable photosensitivity in a type of Cerenkov 

emission window (Brevé, et al., 2021). The system managed to produce photosensitivity, but 

drug release results due to Cerenkov luminescence were not demonstrated.  

2.5.3.1.3 Magnetic-sensitive hydrogels  

Magnetic-sensitive hydrogels rely on the addition of nanoparticles with paramagnetic properties. 

They are frequently used with either pH or thermosensitive hydrogels (Derakhshankhah et al., 

2021; Xie et al., 2017). For example, a contractible hydroxypropyl methylcellulose/Fe3O4 

hydrogel with dual-response pH and magnetic properties showed enhanced cytotoxicity when 

encapsulated with DOX (Zhou et al., 2018). 
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2.5.3.1.4 Thermoresponsive hydrogels  

Thermoresponsive/ thermosensitive hydrogels are the most investigated stimuli-responsive 

hydrogel designs because of their simple formulation methods, which rely on phase changes 

across different temperatures. Unlike radio- and photosensitive hydrogels, thermoresponsive 

hydrogels do not depend on the use of extra equipment or heterogenic tumour pHs to elicit a 

response. These hydrogels rely on the intratumoral delivery of injectable systems, which remain 

solution at cool temperatures and gel at physiological temperature. Intratumoral delivery 

provides localised therapy directly at the tumour site, preventing side-effects such as 

cardiotoxicity, immunotoxicity and mylosupression associated with conventional intravenous 

delivery. The benefit of using intratumoral drug delivery as compared to intravenous delivery in 

OSCC treatment is highlighted in Figure 2.7. For hydrogels particularly, the greater advantage is 

the accumulation of the gel system at the tumour site, which enhances the localisation effect 

and significantly increases the therapeutic index of cytotoxic chemotherapeutic drugs. 

Intratumoral delivery does not require surgical procedures for use, however, it is unsuitable for 

use in internal organ cancers such as colon cancer and pancreatic cancer except if it is placed 

at the resected site during surgery.  
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Figure 2.7: Representation of intravenous delivery and intratumoral delivery. A. Intravenous 

delivery: the drug is systemically circulated throughout the body. B. Intratumoral delivery: the 

drug remains localised within the tumour. 

 

Synthetic polymers such as PluronicTM F127 (PF-127), poly isopropyl acrylamide (PNIPAM), 

poly (D, L-lactide-co-glycolide)-b-poly (ethylene glycol)-b-poly (D, L-lactide -co-glycolide) 

(PLGA-PEG-PLGA), polycaprolactone, and poly (vinyl methyl ether) are well known and 

employed for their thermoresponsive effect. These polymers are formed through radical 

polymerisation and can undergo physical or chemical crosslinking with other polymers like 

chitosan, hyaluronic acid, and cellulose (Khan et al., 2021). Physical crosslinking methods such 

as electrostatic interactions, hydrophobic interactions and stereocomplexation are commonly 

utilised as they are mostly reversible in their sol-gel behaviour (Zhou et al., 2022). Chemical 

crosslinking methods such as click chemistry, Michael-type addition, and Schiff base reactions 

have poor reversibility, however, they are more stable than physically crosslinked hydrogels (Liu 

et al., 2021; Dehghan-Baniani et al., 2020; Maiti et al., 2020). Additionally, the crosslinking 

reagents used for chemically crosslinked hydrogels such as glutaraldehyde, are often 

incompatible with bioactive molecules and unsafe for human use (Mitra, Sailakshmi, and 

Gnanamani, 2014).  
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The lower critical solution temperature (LCST) of a thermoresponsive hydrogel indicates the 

temperature at which the solution gels and is an important consideration during hydrogel 

preparation. As the temperature increases, the viscosity of the solution increases and the 

crosslinking bonds tighten until a gel is obtained, as portrayed in Figure 2.8. Most polymers 

used for thermal response have a very high LCST, which limits their applicability for 

biopharmaceutical use (Table 2.2). PNIPAM and PF-127 have become very useful in 

thermosensitive hydrogel formulation because their LCST is closer to physiological temperature. 

Additions of different polymers and changes in their ratios or polymer links have been used to 

alter the LCST of different hydrogels. For example, Xu et al., 2018 reduced the LCST of 

copolymers of acrylamide, N,N-dimethyl acrylamide, and 3-(acrylamido)phenylboronic acid from 

86 °C to 14 °C by the addition of poly (vinyl acrylamide), a polymeric additive.  

Figure 2.8: Sol-to-gel transition of thermosensitive hydrogel at low and high temperatures.    
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Table 2.2: LCST of commonly used polymers in water 

Polymer Polymer 

concentration 

in aqueous 

solution (% 

w/v) 

LCST (°C) Reference 

Poly(N-isopropyl acrylamide), 

PNIPAM 

∼ 2.5 

 

∼ 32 Fehér, 

Varga, and 

Pedersen, 

2021 

Poly(vinyl methyl ether), PVME ∼ 5 

 

 ∼ 40 

 

Starovoytova 

et al., 2016 

PLGA-PEG-PLGA ∼ 25 ∼ 25 Yu, Zhang, 

and Ding, 

2006 

Poly(N-vinylcaprolactam), PNVCL ∼ 0.5 ∼ 30 Marsili et al., 

2021. 

Chitosan-glycerol phosphate ∼ 1 CH + ∼ 10 

GP 

∼ 37 Ahmadi, and 

de Bruijn, 

2008 

PluronicTM F127, PF-127 ∼ 15 ∼ 70  

Hydroxypropyl methylcellulose, 

HPMC 

∼ 1 ∼ 70 Joshi et al., 

2011 

Polyphosphazene derivatives ∼ 2 25 – 80 Wilfert et al., 

2014 

Methoxy poly(ethylene glycol) 

(MPEG)–dibock copolymers) 

∼ 1 32 – 42 Chen, Lin, 

and Chu, 

2010 

 

An important factor which determines the release behaviour of the hydrogel system is the 

mechanical strength. While synthetic hydrogels are useful for their thermal response, their 

formed gel is extremely weak in strength and elasticity. This often leads to premature "burst 
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release" and/or unrhythmic release patterns of the drug. These synthetic polymers also have 

very long degradation rates, which may not be favourable for chemotherapeutic drug release 

(Shen et al., 2017). Also, polyethylene glycol-based polymers produce acidic degradation 

products that may react with the chemotherapeutic drug or cause inflammation to the host 

tissue (Dirauf et al., 2022). To circumvent these effects, researchers have relied on crosslinking 

synthetic polymers with natural polysaccharides such as chitosan, gellan gum, hyaluronic acid 

and alginate, to improve the mechanical strength and degradation rates of the hydrogel (Yap 

and Yang, 2016, Sohn et al., 2016; Yu et al., 2017; Xu et al., 2020). For example, Liu and 

colleagues designed a thermoresponsive copolymer using alginate-g-poly(N-isopropyl 

acrylamide) loaded with DOX. The hydrogels were able to release DOX encapsulated micelles 

in a sustained manner and enhanced the cellular uptake of the drug in multidrug-resistant 

AT3B-1 cells (Lui et al., 2017). In addition, the pure alginate-g-PNIPAM copolymers were non-

cytotoxic in the cell lines (Lui et al., 2017), showing great potential for sustained release and 

effective delivery of anti-cancer drugs. Recently Song et al., 2020, synthesised a dual 

supramolecular hydrogel using PNIPAM with a β-cyclodextrin core and an adamantyl-

terminated poly(ethylene glycol) polymer. The system managed to release a pseudo-block 

copolymer in the form of micelles that continued to serve as drug carriers with DOX 

encapsulated in the hydrophobic core. The researchers reported improved cellular uptake and 

anti-cancer effect than free DOX controls, even in multidrug-resistant cancer cells (Song et al., 

2020). 

The application of injectable thermosensitive hydrogels for cancer treatment has been severely 

limited. Table 2.3 shows a list of thermosensitive hydrogels that have undergone clinical trials 

for cancer treatment. To date, only Jelymyto® has received FDA approval for upper tract 

urothelial carcinoma (Donin, et al., 2017). Though the system relies on pyelocaliceal delivery, it 

still possesses the solution-to-gel transition property of thermosensitive hydrogels. Notably, only 

PLGA-PEG-PLGA thermosensitive polymers have undergone clinical trials for cancers, likely 

because they display suitable properties for encapsulating hydrophobic chemotherapeutic 

drugs. This is important because most chemotherapeutic drugs are hydrophobic and will 

therefore show poor solubility in polymer blocks with hydrophilic ends (e.g., polyethene glycol-

based polymers) (Boonlai et al., 2018). Triblock copolymers such as PLGA-PEG-PLGA have 2 

hydrophobic ends and will show enhanced solubility when used with hydrophobic drugs.  
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Table 2.3: Thermosensitive hydrogels that have undergone clinical trials for cancer treatment 

Tradename Encapsulated 

drug 

Thermosensitive 

hydrogel 

Cancer type Status References 

OncoGel® Paclitaxel PLGA-PEG-

PLGA 

Esophageal 

Cancer 

Adenocarcinom

a of the 

Esophagus 

Squamous Cell 

Carcinoma 

Brain 

Neoplasms 

Phase 2 Cho, Gao, and 

Kwon, 2016. 

ClinicalTrials.gov, 

(n.d.)b 

   Glioblastoma 

Multiforme 

Phase 2 ClinicalTrials.gov., 

(n.d.)c 

Jelymyto® Mytomycin PLGA-PEG-

PLGA 

Carcinoma, 

Transitional 

Cell 

Transitional 

Cell Carcinoma 

of Renal Pelvis 

Phase 3 Kleinmann et al., 

2020 

ClinicalTrials.gov., 

(n.d.)d 

   Bladder Cancer Phase 2 Chevli et al., 2022 

 

2.5.3.2 Multicomponent systems  

There often exists various challenges in designing single component DDSs; for example, 

nanoparticles may easily leak through the tumour vessels. In order to combat the limitations of 

one response system, researchers dive into the use of multicomponent or multifunctional 

materials for enhanced drug delivery. For instance, a combined system of a thermosensitive 

hydrogel embedded with nanoparticles may be a strategy to increase drug loading and avoid 

rapid drug release and wastage (Pang et al., 2020; Manatunga et al., 2017). A remarkable study 

was conducted by Pang and his colleagues in which they combined the advantages of 

hydrogels and small-sized nanoparticles to formulate a structure transformable thermo-pH 

responsive co-delivery system to deliver co-loaded chemo-protein drugs to the tumour site 

(Pang et al., 2020). The developed system was able to co-deliver two different anti-cancer 

drugs, facilitate tumour accumulation, and achieve tumour penetration (Pang et al., 2020). 
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Another noteworthy mention is the design of a novel multifunctional nanoplatform comprising 

alginate nanogel co-loaded with cisplatin and gold nanoparticles, which was developed to 

combine photothermal therapy and chemotherapy (Mirrahimi et al., 2019). The combined action 

of chemo-photothermal therapy using the nanocomplex dramatically suppressed tumour growth 

up to 95% of control and markedly prolonged the animal survival rate (Mirrahimi et al., 2019). 

Despite the good results promised by multicomponent systems, their high cost, long preparation 

time and complex methods present some drawbacks. 

2.6 Strategies for enhancing drug permeation  

As highlighted throughout this chapter, tumour structures and factors such as large molecular 

weight, hydrophilicity, and drug-resistant proteins, limit the permeation of chemotherapeutic 

drugs. This insufficient delivery to the nucleus of OSCCs has necessitated the improvement of 

anti-cancer treatment. Poor permeability to nucleus cells prolongs the need for treatment, 

causing financial strains and continued unbearable side-effects. Permeation strategies have 

therefore been implemented in oral cancer therapy to increase the uptake of chemotherapeutic 

drugs via a range of physical and pharmacological approaches. Regarding physical 

approaches, the endothelial pores are widened using vasomediators or external mechanical 

forces like laser light, ultrasound and radiation (Dasgupta et al., 2016; De Rosa et al., 2000). 

These strategies can reconfigure the tumour microenvironment by widening vessel leakiness or 

destroying physical barriers in the tumour, therefore improving drug accumulation and 

therapeutic efficacy (Byrne, Tambe, and Coulter, 2021; Tang et al., 2019).  

For pharmacological modifications, the design of a delivery system and the selection of 

pharmaceutical excipients play a substantial role in influencing tumour permeation. The perfect 

excipient must be biologically safe and compatible with the active ingredient or other excipients. 

A delivery design may contain a lipophilic or amphiphilic excipient, reasonably because high 

lipophilicity increases tissue penetration. INT230-6 is an intratumoral formulation of cisplatin and 

vinblastine with an amphiphilic penetration enhancer designed to improve dispersion and 

diffusion into cancer cells (El-Khoeuiry et al., 2018). Intensity Therapeutics Inc. reported more 

rapid and improved penetration throughout the tumour, including hypoxic and nonvascularised 

areas, with the use of their novel permeation enhancer. Clinical trials for INT230-6 are still 

ongoing. Other pharmacological strategies include the use of low-dose anti-angiogenic agents 

to correct the structural and functional abnormalities of tumour vasculature (Li et al., 2020).  
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Concerning drug delivery, the size, surface charge, and particle shape of nanoparticles are 

manipulated to enhance permeation. However, excessive manipulation of the physicochemical 

characteristics of nanomedicines can compromise their targeting efficiency; for example, 

minimising particle size below 5 nm shortens their blood circulation, and therefore, the tumour-

targeting efficiency and larger nanoparticles may create a hypoxic environment, thereby 

weakening drug efficiency (Zhou et al., 2021). Slightly negatively charged nanoparticles have a 

longer circulation time in the bloodstream, which enhances their tumour accumulation 

probabilities, but positively charged nanoparticles provide an easier uptake by tumour cells (Wu 

et al., 2021; Zhou et al., 2021). Contrasts like these have influenced the rise of designs of 

charge/size switchable nanomedicines. An ultrasound-triggered dual size/charge-switchable 

nano catalytic medicine, designated as Cu-layered double hydroxide (LDH)/hematoporphyrin 

monomethyl ether liposomes, was constructed by Wu et al., 2021, for deep solid tumour therapy 

via catalytic reactive oxygen species generation. The small, positively charged Cu-LDH 

nanosheets (≈50 nm) encapsulated into the cores of larger liposomes (≈200 nm) prolonged 

circulatory half-life and blood circulation while ensuring infiltration deeply into the tumour tissue 

(Wu et al., 2021). 

Unlike nanoparticles, it is arguable that the mucoadhesive nature of hydrogels is an important 

requirement to enhance permeation, simply because the longer the system adheres to the site, 

the greater the exposure of drug release to the adhering tissue. However, if drug permeability is 

very poor, mucoadhesion alone will not be sufficient to stimulate adequate tissue absorption. 

Drug transport to the nucleus with the said delivery system is mostly dependent on the passive 

diffusion of free drug from the cytoplasm to the nucleus, which could be inefficient. The use of a 

chemical permeation enhancer in a hydrogel preparation to improve diffusion is therefore 

beneficial. Terpenes, fatty acids, fatty alcohols, alcohols, glycols, laurocapram (Azone®), 

sulfoxides, pyrrolidones, and surfactants have been explored for permeation enhancement and 

have potential for use in hydrogel preparations (Salem et al., 2022; Tampucci et al., 2020).  

Terpenes like menthol, limonene, α-bisabolol and camphor have received attention as 

permeation enhancers in cancer, particularly in skin cancers. Apart from their high lipophilicity, 

these compounds possess wound healing, antitumour, anti-inflammatory, antibiotic, and 

immunogenic properties which are beneficial in cancer treatment (Quintanilha et al., 2017). 

Cosolvents like propylene glycol can increase the permeability of hydrophobic 

chemotherapeutic drugs across biological membranes via solvent drag. When propylene glycol 

is combined with another permeation enhancer, pronounced drug permeation can be expected 

http://etd.uwc.ac.za/



Chapter 2: Literature review 

35 
 

as it acts as a cosolvent for both permeant and enhancer and may facilitate enhanced 

penetration of both molecules (Wu et al., 2012). This knowledge was further explored by Wu 

and coworkers, who evaluated mucoadhesive fenretinide-Eudragit RL PO-solubilizer-containing 

patches with propylene glycol and menthol for increased mucosal permeation in oral cancer 

both in vitro and in vivo. Saffari et al., 2016 used two terpenes; limonene and cineole, to 

formulate nanoliposomes for gene delivery in lung cancer. Cellular uptake was increased by the 

cineole liposomes, while liposomal limonene showed insignificant uptake. The study quotes 

Moghimi et al., to support that limonene has weak enhancement effects toward permeation of 

hydrophilic drugs through lamellar lipid structures. 

The use of peptides to enhance permeation has also drawn much attention. Peptides bind to a 

primary, tumour-specific receptor, followed by a proteolytic cleavage and binding to the second 

receptor called neuropilin-1 and 2, which activates the transport pathway. Chemical enhancers 

like organic solvents and protonated chitosan have shown efficacy in further increasing the 

permeability of peptides in cancer cells (Yong et al., 2018; Sonaje et al., 2012).  

2.7 Conclusion 

Surgery, chemotherapy and radiation are the main treatment strategies for OSCC. While there 

have been some treatment improvements over the past years, OSCC treatment still leads to 

permanent disfigurement, decreased self-esteem, and debilitating physiological consequences. 

The structural barriers of tumours such as their histopathology, inconsistent oxygen supply and 

unrestrained blood vessels, contribute to the treatment shortcomings. Chemotherapy holds 

great importance as adjunct OSCC treatment, but challenges of poor permeation, inaccessibility 

and systemic side-effects limit its adherence and applicability. These treatment challenges have 

compelled the design of complex DDSs such as liposomes, nanoparticles, hydrogels, 

multicomponent systems, and the exploration of strategies to enhance drug permeation. To 

enhance drug delivery targeting, stimuli-response systems have been investigated with various 

anti-cancer drugs, and despite their rigorous examination and system accolades, no stimuli-

responsive hydrogel systems for cancer have survived through clinical stages, showing that 

there is still a need for investigation of this approach. Also, xenograft models used in most 

research mentioned in this chapter do not accurately reproduce human oral cancer due to their 

limitations in terms of tumour location, microenvironment, vasculature, and metastatic growth. 

Hence, results achieved in several studies may not represent the true reaction of the system in 

humans – reasonably why many studies fail clinical trials.  
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The importance of intratumoral delivery for localised treatment and drug accumulation has been 

emphasised when used as an injectable thermosensitive hydrogel drug carrier. Consequently, 

drug accumulation is improved in tumours that show varying differentiation and hypoxic 

behaviours, as well as easy permeation of chemotherapeutic drugs. Drug designs that are 

currently FDA-approved for OSCC such as hydrogels, nanoparticles, and liposomes, still lack 

efficient delivery outcomes. The use of multicomponent systems or the inclusion of excipients 

with synergistic properties, such as permeation enhancers, should be further explored. The 

urgency continues for researchers to get an improved system through clinical trials and in the 

clinic.  
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CHAPTER 3: MATERIALS AND METHODS 

In this chapter, the general considerations for the synthesis of thermoresponsive gels are 

described. The selection of materials and their concentrations within the formulation is also 

discussed. The synthesis method and physicochemical characterisation of the preparation are 

specified.  

3.1 Introduction  

The idea to design thermosensitive hydrogels for localised drug therapy in cancer is a unique 

and appealing venture. However, simply having a thermal response at biological temperature 

does not equate to a good system design. Various bottlenecks, such as obtaining a low 

viscosity of the hydrogel solution, ensuring good mechanical strength and erosion of the formed 

gel post-administration, are paramount factors to consider in the hydrogel system design. 

Thermosensitive hydrogels are prone to present weakness in their ability to remain at their 

targeted site without breaking or tearing as a result of biological interference or design 

impairment (Seo et al., 2021). The mechanical strength of a hydrogel system is therefore of 

considerable importance to maintain rigidity and structure within the tumour. This is supported 

by the use of chitosan (CH) and k-carrageenan (kCRG) which have been selected for their 

favourable biocompatible properties and their mechanical strength. The two mixtures, however, 

produce a mesh formed by electrostatic interactions that prevent a homogenous mixture; a 

method to prevent this has therefore been reported in this study. 

Amongst the chemotherapeutic agents used for oral squamous cell carcinoma (OSCC), 

Doxorubicin HCl (DOX) shows poor permeability and due to its non-targeted intravenous 

delivery, it is prominent for one of the most dreadful side effects of chemotherapy – irreversible 

myocardial damage (Mohammadi, Arabi, and Alibolandi, 2020). To improve the accumulation of 

DOX in tumour tissue, the drug has been incorporated into the thermosensitive hydrogel design. 

PluronicTM F127 (PF-127) possesses a very good thermal response around physiological 

temperature (37°C) (Cao et al., 2020; Yeh et al., 2017). It is considered non-toxic and has 

shown in vivo and in vitro success in the delivery of several chemotherapeutic agents such as 

cisplatin and docetaxel (Xu et al., 2018; Wen et al., 2020). Therefore, PF-127 was the 

thermosensitive polymer of choice in this study. Limonene (LIM), a natural monoterpene derived 

from orange peels (Siddiqui et al., 2022), was also included in the hydrogel formulations as it 

potentially possesses the proposed permeation feature that is investigated in this study. 
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Research has shown that LIM has chemopreventive and chemotherapeutic activities in cancers 

such as lung, breast, gastric, and prostate cancer (Ren et al., 2020), and may provide a 

synergistic cytotoxic effect with DOX. LIM is used as a flavouring agent in the food industry, 

which contributes to its safety for use. Its high lipophilicity leads to favourable cellular absorption 

and could enhance the permeation of DOX in tumour cells (Ren et al., 2020). Transdermal 

studies have also supported the high permeability of LIM, however, studies showing the 

permeability of drugs in the presence of LIM are still lacking; a factor that this study will 

investigate (Yang et al., 2013; Lu et al., 2014). 

The aim of this chapter was to optimise hydrogel formulations by selecting the minimum and 

maximum parameters for synthesising material concentrations in terms of gelation temperature, 

to confirm injectability and clarity of gels for easy observation of homogenisation. To ascertain 

knowledge of the physicochemical characterisation of the hydrogels, different analytical 

techniques such as thermal analysis, molecular transitions, rheological behaviour, mechanical 

properties, swelling and erosion capacity have been explored. This type of knowledge highlights 

the compatibility of DOX and the excipients for an intratumoral thermosensitive hydrogel design. 

3.2 Materials  

The active ingredient, DOX, (BN: D22204001) was purchased from DB Fine Chemicals (Pty) Ltd 

(Johannesburg, South Africa). LIM (BN: IF-LI-210524) and kCRG (BN: IF-CA-210515) were 

purchased from Iffect Chemphar Co., Ltd, Hongkong, P.R. China. Ethanol 96 %v/v (BN: 3202) 

was supplied by Laborem (Johannesburg, South Africa). PluronicTM F127 (BN: BCCD6387), 

chitosan medium molecular weight (BN: STBJ3281), sodium hydroxide (NaOH) 

(BN: SZBF3240V), disodium hydrogen phosphate (BN: F1535286 833), potassium dihydrogen 

phosphate (BN: 8256-0), chromatography grade methanol (BN: I1046818942) and dimethyl 

sulfoxide, purity >= 99.7 % (BN: RNBJ9739) were obtained from Sigma-Aldrich (Johannesburg, 

South Africa). Analytical grade glacial acetic acid, (BN: 52615) was obtained from Saarchem 

(Pty) Ltd (Johannesburg, South Africa). Orthophosphoric acid 85 % (BN: 45JN12099123 

K26/081) was supplied by Kimix Chemicals and Laboratory Supplies (Cape Town, South 

Africa). Chromatography acetonitrile, purity >= 99 % (BN: 1922928) was purchased from 

Labchem (Cape Town, South Africa). Deionized water was obtained from a water purification 

system manufactured by Lasec Group (Johannesburg, South Africa).  
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3.3 Synthesis of CH/kCRG/PF-127 thermoresponsive hydrogel   

3.3.1 Determination of concentration limits for formulation synthesis 

For the successful design of the thermoresponsive hydrogels, preliminary trial formulations were 

carried out. A gelation temperature of 37 ± 2 °C was targeted due to the physiological 

temperature of the oral cavity. The visible appearance of the gel formulation in terms of colour, 

viscosity and homogeneity of the gel system was considered. The starting choice of 

concentrations was carefully selected after consulting literature. For PF-127, studies have 

shown that concentrations of 15-25 % are best suited to achieve thermal gelation at body 

temperature (Braet et al., 2021). Despite different formulation designs, CH and kCRG have 

usually succeeded as flexible hydrogels in cases where the concentration of kCRG was equal to 

or did not exceed that of CH (Pettinelli et al., 2019; Pourjavadi et al., 2019; Yu et al., 2018). 

These considerations were used as a guide toward the selection of concentration limits for 

formulation synthesis. Table 3.1 provides the concentrations of the various materials used 

during preliminary trial formulations for hydrogel synthesis.  
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Table 3.1: Composition and observations of preliminary trial formulations 

Trial 

formulation 

Composition Aim Observation 

 1 15%PF-127+1%LIM+0.3%CH+0.1%kCRG 

15%PF-127+1%LIM+0.1%CH+0.3%kCRG 

15%PF-127+1%LIM+0.1%CH+0.1%kCRG 

Preparation of 

thermoresponsive 

hydrogel. 

Gelation time 

from 4 °C to 

37 °C too 

slow. 

Phase 

separation 

present. 

White, cloudy 

formulation. 

2 25%PF-127+0.1%LIM+0.3%CH+0.3%kCRG, 

20%PF-127+0.5%LIM+0.3%CH+0.3%kCRG, 

25%PF-127+0.5%LIM+0.3%CH+0.3%kCRG, 

15%PF-127+0.5%LIM+0.3%CH+0.3%kCRG, 

15%PF-127+0.5%LIM+0.3%CH+0.3%kCRG, 

15%PF-127+0.5%LIM+0.3%CH+0.3%kCRG 

 

 

Enhance gelation 

by decreasing LIM 

and increasing 

PF-127/CH/kCRG. 

Reduce 

cloudiness by 

decreasing 

LIM/kCRG. 

Gelation 

visible at 

37 °C. 

Reduced 

cloudiness. 

Phase 

separation 

present. 

Formulation 

too thick at 

4 °C. 

3 15%PF-127+ 

≤[0.5%LIM+0.3%CH+0.3%kCRG] 

Reduce viscosity 

of solution at 4 °C 

by decreasing PF-

127 and 

CH/kCRG. 

Viscosity of 

solution 

reduced at 

4 °C. Phase 

separation 

present. 

3 15%PF-127+ 

≤[0.5%LIM+0.3%CH+0.3%kCRG] 

+20%ethanol 

 

Avoid phase 

separation by 

addition of 

ethanol.  

 

Gelation 

visible at 

37 °C. 

No phase 

separation.  
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Based on the preliminary studies, 9 formulations which were physically crosslinked with various 

concentrations of CH, kCRG and LIM, were furthered in the study (Table 3.2). The 9 

formulations were selected to perform physicochemical and in vitro characterisation studies to 

identify the ideal formulation according to rheological behaviour, mechanical strength, erosion 

and permeability studies. 

Table 3.2: Concentration of ingredients for hydrogel formulations 

Sample no. LIM (%v/v) CH (%w/v) kCRG (%w/v) 

1 0.1 0.1 0.1 

2 0.1 0.3 0.1 

3 0.1 0.3 0.3 

4 0.3 0.1 0.1 

5 0.3 0.3 0.1 

6 0.3 0.3 0.3 

7 0.5 0.1 0.1 

8 0.5 0.3 0.1 

9 0.5 0.3 0.3 

*15 %w/v PF-127, 0.0005 %w/v DOX and 20 %v/v ethanol were used in all formulations. 

3.3.2 Synthesis of thermoresponsive hydrogel solution 

To synthesise the CH solution, 1 %v/v glacial acetic acid was prepared in 10 mL deionized 

water.  The CH was then transferred to the resulting diluent followed by agitation of the solution 

at 1400 rpm for 30 min at ambient temperature using a DragonLab MS7-H550-Pro hotplate 

magnetic stirrer. kCRG solution was prepared by heating 10 mL deionized water to 60 ± 2 °C 

followed by the addition of the polymer to the heated water under magnetic stirring at 800 rpm 

for 15 min; the stirring hotplate was maintained at 60 ± 2 °C throughout this process to ensure 

complete solubilisation of the kCRG powder. In order to achieve a homogenous mixture of the 

CH/kCRG solution, an evaporation technique adapted from Pourjavadi et al., 2019 was 

employed. The two polymer solutions were diluted by adding 40 mL deionized water to each 

solution. Subsequently, the kCRG solution was added dropwise (not more than 5 mL/min) to the 

CH solution under vigorous mixing (1400 rpm) at 50 ± 2 °C in a 250 mL rotary flask. Once the 

kCRG was fully incorporated, the rotary flask containing the homogeneous solution was 

attached to a rotary evaporator (Büchi, Flawil, Switzerland). The water bath of the evaporator 

was set to a temperature of 50 ± 2 °C, and once this temperature was reached, the sample was 
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left to rotate under vacuum for 30 min at a rotation intensity of 5 until the concentration of water 

was reduced to approximately 10 mL. The resulting solution was left to cool to room 

temperature.  

DOX (0.0005 %w/v) was added to 20 %v/v ethanol in a 50 mL glass beaker. The solution was 

stirred for 5 min, and thereafter, LIM was added, and mixing continued at 800 rpm at room 

temperature. Following this, the CH/kCRG solution initially prepared was transferred to the 50 

mL beaker containing LIM-DOX. The solution was mixed for 5 min using the same agitation 

speed. The beaker containing the solution was then placed in an ice water bath and 15 % 

PF-127 was added and stirred. The ice bath was essential to prevent the gelation of the 

thermosensitive PF-127 in the solution, which would prevent mixing. Stirring was concluded 

once a homogenous red solution was observed, resulting from the colour of DOX. The solution 

was placed in the refrigerator at 4 ± 2 °C for 24 hours to allow the formation of a transparent, 

red liquid.  A summary of the hydrogel preparation process depicted in Figure 3.1.  
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Figure 3.1: Schematic representing the synthesis of thermoresponsive PF-127/CH/kCRG 

hydrogel with DOX-LIM.  

Dropwise addition of 

kCRG 

 

Preparation of CH and 
kCRG solutions Evaporation of CH/kCRG 

Step 1: Synthesis of CH/kCRG solution 

Step 2: Synthesis of DOX-LIM solution  

 

Loading of DOX and LIM DOX-LIM solution 

Step 3: Preparation of PF-127/CH/kCRG loaded with DOX-LIM 

24 hrs 

CH/kCRG added to 

DOX-LIM solution 
Addition of PF-127 

in ice water bath 

PF-127/CH/kCRG loaded 

with DOX-LIM  
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3.3.3 Adjustment of hydrogel pH 

The pH of the thermoresponsive hydrogel solution was measured using a Eutech Instrument, 

pH 2700 digital pH meter (Paisley, UK). The hydrogel formulation remained in an ice water bath 

of 4 ± 2 °C throughout this process to avoid gelation of the solution, which would hinder the 

process of recording the pH measurement. The probe was inserted into the solution and 

allowed to equilibrate. 2 M NaOH was used to adjust the pH of the solution between 4.4-5.5. 

The hydrogel solution was allowed to gel in a water bath for 3 min at 37 ± 2 °C, and 

subsequently, the pH was recorded. The pH was measured in triplicate (n=3).  

3.4 Physicochemical characterisation of hydrogel constituents and formulation 

Physicochemical studies were carried out using various characterisation methods. The pure 

compounds necessary for synthesising the hydrogels were first characterised, i.e., DOX, the 

polymers, and LIM, to confirm the compound purity and understand the thermal and molecular 

vibrational characteristics, to identify factors affecting hydrogel synthesis, and to correlate 

results of the pure compounds to the hydrogel formulation. This initial characterisation was 

performed using thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and 

Fourier-transform infrared spectroscopy (FTIR).  After the preparation of the thermoresponsive 

hydrogel formulation, the same analytical techniques were utilised in characterising the 

hydrogels.  

3.4.1 Thermogravimetric Analysis (TGA) 

The raw materials and the hydrogel formulations were analysed using a Perkin Elmer TGA 4000 

thermogravimetric analyser (Waltham, USA), with the flow rate of nitrogen gas at 10 mL/min. An 

empty porcelain crucible was tared to zero, and the sample was placed into the porcelain 

crucible; the weight of the sample was then recorded. All samples were analysed over a 

temperature range of 20-600 °C at a heating rate of 10 °C/min. The data was collected and 

analysed using Pyris™ software (Perkin Elmer, Waltham, USA). This analysis was essential in 

characterising the change in weight as a function of temperature of the samples. Its correlation 

with DSC data assisted in determining the effect of crosslinking in relation to polymer thermal 

degradation properties. 
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3.4.2 Differential Scanning Calorimetry (DSC)  

A Q200 DSC (TA Instruments, New Castle, Delaware, USA) equipped with Universal Analysis 

version 5.5.24 software was used for DSC analyses. About 1-5 mg of each sample was 

weighed into an aluminium pan and sealed using a mechanical crimping device. An empty 

aluminium pan of the same dimensions was sealed and used as a reference. The samples were 

analysed at a heating rate of 10 °C/min, with nitrogen as the purging gas at a flow rate of 20 

mL/min. Samples were heated over a temperature range of 25-300 °C. Differences in the heat 

flow and phase transitions of the formulations provided insight into the effects of polymer 

blending and crosslinking of the chemicals.   

3.4.3 Fourier-Transform Infrared Spectroscopy (FTIR)  

Fourier-transform infrared spectroscopy was employed to confirm the chemical structures and 

detect molecular transitions of the hydrogel to ascertain crosslinking and interactions between 

DOX, LIM and the polymers used (CH, PF-127, and kCRG). The hydrogel samples were 

analysed through the collection of 3 scans across a wavenumber range of 4000-650 cm-1 using 

a Perkin Elmer 400 FTIR instrument fitted with a diamond attenuated total reflectance (ATR) 

crystal. Spectrum® software version 6.3.5 (Waltham, USA) was used to control the instrument 

as well as for the analyses of the obtained FTIR spectra. A small quantity of the dry samples 

(CH, kCRG, and PF-127) were placed on the FTIR instrument crystal and not more than 60% 

pressure was applied. No pressure was applied to the liquid samples (LIM and hydrogel 

formulations). The FTIR spectra of the hydrogel formulations with different concentrations were 

compared to each other. Differences or changes in the characteristic absorbance bands of the 

hydrogel formulations, such as the appearance or disappearance of peaks, variations in peak 

intensity, peak broadening, and shifts in the wavenumbers of peaks indicate crosslinking and 

other interactions that aid in understanding the chemical and physical characteristics of the 

hydrogel formulations. 

3.5 Gelation time 

The sol-gel transition time was measured using the tube-inversion method (Figure 3.2). Vials 

containing 1 mL of 4 ± 2 °C hydrogel solution were immersed in a water bath at 37 ± 2 °C and at 

room temperature (23 ± 2 °C). The gelation time was monitored by inverting the vials 

horizontally at every 1 min interval. The time at which the liquid did not flow was recorded as the 
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gelation time. The maximum observation time was set to 1 hr. Gelation time for each sample 

was measured in triplicate (n=3).  

 

Figure 3.2: Tube-inversion method from (A) flowable hydrogel to (B) non-flowable hydrogel, 

where T = 23 ± 2 °C / 37 ± 2 °C. 

3.6 Rheological analysis of the thermoresponsive hydrogels 

The viscoelastic behaviour of the hydrogel samples was analysed using an ElastoSens™ Bio2 

rheometer (Rheolution Inc, Montreal, Canada) with Elastoview version 18.8 software. Hydrogel 

samples of 5 mL were placed in a 23 mm pan and analysed from 4-40 °C at a heating rate of 5 

°C/min. The shear storage modulus (G’) and shear loss modulus (G’’) were plotted on a graph 

using Microsoft Excel™. The loss tangent (tan-δ) values at 4 °C, 25 °C and 37 °C were 

recorded for each sample. 

3.7 Determining the compressive strength of the thermoresponsive hydrogel 

The compressive modulus was measured for each hydrogel sample using a Mecmesin 

mechanical analyser, Poly Test Instruments (Boksburg, South Africa). Five mL of each hydrogel 

sample was transferred to a size 6 poly top vial. The hydrogel samples were maintained in a 

water bath at 37 ± 2 °C and then quickly transferred to the mechanical analyser. The analysis 

was performed within one minute, which was enough time to preserve the gelation property of 

the system. Samples were compressed under a load of 20 N, speed of 10 mm/min, and 

displacement of 5 mm using a stainless-steel probe of 10 mm diameter. Young’s modulus of 

elasticity, indicated by the slope of the graph, was generated from the Emperor™ Force 

software.  
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3.8 Swelling of thermoresponsive hydrogel samples 

Phosphate buffer solution (PBS) buffered at pH 6.8 was prepared and preheated to 37 ± 2 °C to 

facilitate swelling studies. The hydrogel samples were lyophilized by a vacuum freeze dryer at 

−80 °C, and 0.1 g of the dry hydrogel was placed in a poly top vial with 1 mL of PBS. The 

hydrogel was left to swell for 72 hrs to ensure that swelling equilibrium was reached. Swelling 

was conducted in a humidity chamber (Labdesign Engineering (Pty) Ltd, South Africa) at 37 ± 2 

°C and a percentage relative humidity (% RH) of 70 ± 2 %. The excess PBS was then removed 

from the hydrogel, and the sample was weighed. This process was repeated 3 times for each 

sample (n=3). Equation 3.1 was used to calculate the swelling percentage after 72 hrs, where 

Ms refers to the mass of the swollen hydrogels and Ml refers to the mass of the lyophilized 

hydrogel.  

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) = (
𝑀𝑠−𝑀𝑙

𝑀𝑙
) 𝑥 100                                      Equation 3.1  

3.9 Erosion of thermoresponsive hydrogel samples 

For erosion studies, 50 mL PBS was preheated to 37 ± 2 °C. Hydrogel samples of 1 g were 

transferred to a 5 mL poly top vials where they were allowed to gel in a water bath at 37 ± 2 °C 

for 3 min. Thereafter, the samples were weighed, and the mass for each sample was recorded. 

Subsequently, 1 mL of the preheated PBS was added to the hydrogel sample. The hydrogel 

samples were left in a humidity chamber (Labdesign Engineering (Pty) Ltd, South Africa) at 

37 ± 2 °C and 70 ± 2 %RH. For a period of six weeks, on a weekly basis, the PBS was replaced 

with fresh medium, and the hydrogel samples were weighed. Equation 3.2 was used to 

calculate the erosion percentage per week of each sample, where Mi is the initial mass of the 

sample and Mf is the final mass of the sample.  

𝐸𝑟𝑜𝑠𝑖𝑜𝑛 (%) = ((𝑀𝑖 − 𝑀𝑓) ×  100)                                                                          Equation 3.2 

3.10 Evaluation of DOX loading  

High-performance liquid chromatography (HPLC) analysis was performed using a Knauer Azura 

HPLC (Berlin, Germany) to quantify the concentration of DOX loaded into the hydrogel samples. 

The HPLC method for the identification and quantification of DOX was adapted from the United 

States Pharmacopeia (USP), 2007. The mobile phase involved a mixture of water, acetonitrile, 

methanol, and phosphoric acid in the ratio 270:145:85:1. Sodium lauryl sulphate (0.5 g) was 

dissolved in the mixture and NaOH was used to adjust the pH to 3.6 ± 0.1. The HPLC system 
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was equipped with a reversed-phase (Kinetex C18 150 x 4.6 mm, 5 µm) column 

(Phenomenex, California, USA). The mobile phase flow rate was 1.5 mL/min and the detection 

wavelength was set to 230 nm. Two standard preparations of DOX each containing 5 mg/mL, 

were prepared and filtered into the HPLC vials. Thereafter, 0.5 mL of each hydrogel sample was 

diluted with DOX mobile phase to a volume of 25 mL. This was done to allow easy injection of 

the samples through the syringe filter for a clear and homogeneous solution. The diluted 

hydrogel samples were transferred to 1.5 mL HPLC vials, and the analysis was performed. A 

regression graph was plotted from the obtained results (r2 = 0.999) and the resulting equation 

was used to calculate the concentration of loaded DOX in each hydrogel sample.  

3.11 Drug diffusion studies 

The release behaviour of DOX from the hydrogel systems were determined through drug 

diffusion studies.  During these studies an HDT 1000, Copley Vertical Diffusion Cell system 

(Nottingham, United Kingdom) was used. The system was set to a maintain each diffusion cell 

at a constant temperature of 37 ± 0.5 °C. Glass diffusion cells, 15 mm in diameter, with a 

receptor phase holding volume of 12 mL, resulting in a diffusion surface area of 1.77 cm2, were 

utilised. A 0.45 µm cellulose membrane (Millipore, Merck KGaA, Darmstadt, Germany) was 

locked in place between the donor and receptor compartments. Subsequently, 12 mL PBS (pH 

6.8) was placed into each receptor compartment ensuring that the PBS remained in contact with 

the cellulose membrane. The diffusion study constituted a blank sample without DOX and the 

hydrogel samples that had passed previous analyses. A volume of 0.4 mL of each hydrogel 

sample was accurately transferred to the donor compartment of each diffusion cell and sealed 

with Parafilm (Bemis, Neenah, Wisconsin, USA) to avoid any evaporation or sample spillage. 

Subsequently the stirring of the receptor phase was initiated and maintained at 400 rpm. Drug 

diffusion was measured over 7 days with sample withdrawal at 1 hr, 2 hrs, 4 hrs, 8 hrs, 12 hrs, 

and every day for 7 days. At the set time intervals, 1 mL solution was withdrawn from the 

receptor compartment and transferred into HPLC vials. The same volume (1 mL) of fresh 

preheated PBS was carefully replaced into each receptor compartment. Due to limited sample 

availability, the diffusion experiment of sample 3 and 8 was completed in duplicate (n=2). The 

two formulations were selected because of their improved erosion and swelling compared to the 

other formulations. The concentration of DOX was determined using HPLC analysis, as 

described in paragraph 3.10.  
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The initial amount of drug released (𝑡1𝐴𝑅1) and subsequent release values (𝑡2𝐴𝑅2) were 

calculated using equations 3.3 and 3.4, respectively. The drug release rate was determined 

using equation 3.5. 

 

𝑡1𝐴𝑅1 =  (
𝐴𝑈1 

𝐴𝑆
) ×  𝐶𝑆  × 1000 × 

𝑉𝐶

𝐴0
                                                                              Equation 3.3 

𝑡2𝐴𝑅2 =  (
𝐴𝑈2 

𝐴𝑆
) ×  𝐶𝑆  × 1000 ×  

𝑉𝐶

𝐴0
 + (𝐴𝑅1  × (

𝑉𝑆

𝑉𝐶
 ))                                                 Equation 3.4 

𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑟𝑎𝑡𝑒 =  
𝑡2𝐴𝑅2

√𝑡
                                                                                                 Equation 3.5                                                                           

AR = amount of drug released (mg/cm2) 

AU= peak area of sample solution 

AS = peak area of DOX standard 

CS = concentration of the standard solution (5 mg/mL) 

VC = volume of the diffusion cell (12 mL) 

AO = area of the orifice (0.77 cm2) 

VS = volume of sample taken (1 mL) 

t = time (seconds)  

3.12 Permeability studies 

The parallel artificial membrane permeability assay (PAMPA) (PAMPA-096, BioAssay Systems, 

Hayward, USA) was used to analyse the effect of LIM on the permeability of DOX. Samples 3 

and 8 were evaluated as they had better swelling and erosion capacity. A stock solution 

containing 1 mL of 10 mM DOX in DMSO was prepared. As a control, 25 μL of the stock 

solution was added to 475 µL of PBS (pH 6.8). Thereafter, 25 μL of each hydrogel sample was 

diluted in 475 μL of PBS (pH 6.8). A blank control of each hydrogel sample without LIM was also 

prepared by dispersing the hydrogel in the PBS. Following the sample preparation, 300 μL of 

PBS was added to each well of the PAMPA acceptor plate. Subsequently, 5 μL of 4 %w/v 

lecithin in dodecane solution was added directly to the surface of the well membranes. Each of 

the PBS-diluted samples of DOX-hydrogel initially prepared was then added to each donor wall. 

Due to limited sample quantities, only duplicate analyses were possible (n=2). The donor plate 

was placed into the acceptor plate and the kit was transferred to an incubator (LabEcono, 

Johannesburg, South Africa) maintained at 37 ± 0.5 °C for 24 hours. Subsequently, the donor 

plate was removed, and the acceptor solutions (in the acceptor wells) were transferred to HPLC 

vials for analysis. 
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The permeation rate of the hydrogel systems was calculated using Equation 3.6. 

𝑃𝑒 = 𝐶 × −𝐼𝑛(1 −  
𝑂𝐷𝐴

𝑂𝐷𝐸
)                                                                                             (Equation 3.6) 

ODA = peak area of acceptor solution  

ODE = peak area of equilibrium standard  

C = 0.6912 cm/sec  
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CHAPTER 4: THERMORESPONSIVE HYDROGEL SYNTHESIS AND 

CHARACTERISATION 

This chapter presents and discusses the results obtained from the synthesis process of the 

thermoresponsive hydrogel formulation. The results obtained during the characterisation of the 

hydrogel samples are also discussed.  

4.1 Introduction 

The efficacy of intravenous doxorubicin (DOX) is severely limited by its systemic circulation, 

which causes intolerable side effects such as cardiotoxicity, immunosuppression, and 

hepatotoxicity. To that end, the use of a localised drug delivery system is essential to eradicate 

the side effects associated with conventional DOX. Amongst the drug delivery systems (DDSs) 

such as nanoparticles and liposomes available for localised therapy, thermosensitive hydrogels 

are an effective way to target primary tumours such as OSCCs. This type of DDS easily stands 

as the most appealing method for primary tumour targeting as it delivers the maximum 

concentration and retains the drug directly at the tumour site. However, the design of 

thermoresponsive injectables requires special procedures and distinct tests to ensure their 

suitability as an injectable sol-gel system. Like all pharmaceutical dosage forms, the formulation 

of thermoresponsive hydrogels inevitably goes hand-in-hand with initial formulation trial and 

error. One needs to study literature and the characteristics of potential excipients carefully to 

inform preliminary synthesis/ formulation processes. Considering this, a significant part of this 

study was dedicated towards preliminary hydrogel synthesis studies, which involved studying 

the characteristics of the hydrogel constituents, as well as investigating suitable concentrations 

for each hydrogel constituent/ excipient. Thus, the results of the trial formulations that led to 

hydrogel synthesis with the selected concentrations are discussed in this chapter.  

The final hydrogel formulations were considered for visual properties of homogeneity and colour 

for easy characterisation. Formulations that did not show sol-gel behaviour were not subjected 

to further investigation. During the preliminary trial phase, it was important to identify the 

problem within the formulation, such as phase separation and lack of thermosensitivity at 37 °C 

and establish a way to solve it. In the next phase, the hydrogels were characterised for their 

physicochemical properties and compared in relation to the different ratios of ingredients. The 

effect of an increasing concentration of limonene (LIM), chitosan (CH), and k-carrageenan 

(kCRG) on various factors such as rheology, mechanical strength, swelling, and erosion were 
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evaluated. These analyses were performed to identify optimised hydrogels with readiness for 

use as a delivery system in terms of further studying, manufacturing, and handling.  

4.2 Hydrogel synthesis  

4.2.1 Preliminary trial formulations for hydrogel synthesis 

Preliminary trial formulations were performed to identify the concentration of ingredients that 

allowed a thermoresponsive effect at 37 °C. Although several studies report that PluronicTM 

F127 (PF-127) produces thermal response from concentrations of 15-25 %w/v, the trials in this 

study showed that the addition of CH and kCRG increased the thermal response and therefore 

decreased the need for a high concentration of PF-127. This was also favourable in decreasing 

the hydrogel’s viscosity at low temperatures so that needle withdrawal would be easy and the 

clinician would have ample time to transfer the injection from cold storage, extract through the 

needle and inject at the tumour site before gelation occurs. Having a variety of concentrations 

for PF-127 would also complicate the identification of the effect of CH and kCRG on various 

characteristics, such as the mechanical strength of the hydrogel systems. PF-127 concentration 

was therefore maintained at 15 %w/v in all the formulations. 

The use of ethanol became paramount in this study for its solvation ability. In the initial trials 

conducted without ethanol, the appearance of a cloudy white layer on top of the reaction mixture 

was formed, demonstrating the spontaneous separation of lipophilic LIM from the hydrophilic-

base formulation (Figure 4.1). Ethanol, therefore, provided the solvation of LIM that was needed 

to homogenise the mixture. Although this study focuses on DOX as a model drug, the rationale 

to increase the concentration of ethanol was also to ensure that the system could secure 

maximum drug loading of both hydrophobic and hydrophilic drugs for future exploration. 

However, a concentration above 20 %v/v ethanol did not allow thermoresponsive sol-gel 

transition. This result corresponds with that of Chaibundit et al., 2010 who investigated the 

gelling property of PF-127 at ethanol concentrations of 10-, 20-, and 30 %v/v. The researchers 

identified that the maximum concentration of ethanol that could accommodate gelling of PF-127 

at 37 °C was 20 %v/v (Chaibundit et al., 2010).  
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Figure 4.1: Spontaneous separation of LIM from the hydrogel formulation. 

Another problem observed during trial formulations was the mesh formation during the mixing of 

CH and kCRG. This observation likely stemmed from the strong electrostatic interaction 

between the positively charged amine groups on CH and the negatively charged sulfate (SO3
−) 

functional groups of kCRG (Figure 4.2). Chitosan contains an NH2-group which protonates to 

NH3
+ when exposed to acidic media (Ashrafizadeh et al., 2022). Presumably, the use of acetic 

acid to allow solubility of CH, caused its protonation. It was identified that the speed of mixing, 

polymer concentration, and speed of pour influence the mesh formation and structure thereof. A 

higher stirring speed, lower concentration and slower pour rate led to a more dispersed mesh 

formation as depicted in Figure 4.3. The final CH/kCRG preparation as per the method adapted 

from Pourjavadi et al., 2019, yielded a homogeneous mixture.  

Limonene  

Hydrogel  
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Figure 4.2: The molecular structures of CH and kCRG, with a depiction of the protonation of the 

NH2-group on the CH molecule, rendering it in the protonated state. 

 

  

Figure 4.3: (A) Depiction of mesh formation after slow mixing (600 rpm) of CH/kCRG, (B) 

depiction of the mesh formation upon vigorous stirring (1400 rpm) of CH/kCRG. 
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4.2.2 Outcome of hydrogel synthesis  

The preliminary trials resulted in the selection of 9 formulations (samples 1-9) with varying 

concentrations of polymers as reported in Chapter 3 (paragraph 3.3). All 9 samples gelled at 

ambient temperature and showed reversible sol-gel transition (Figure 4.4). The samples were 

red in colour because of the presence of DOX, and they were flowable at 4 ± 2 °C. The 9 

formulations were selected for physicochemical and in vitro characterisation studies to identify 

the ideal formulation according to rheological behaviour, mechanical strength, drug release and 

permeability studies. 

 

Figure 4.4: Sol-gel transition of hydrogel samples. A: flowable liquid. B: immovable gel. 

4.2.3 pH of hydrogel formulations  

All 9 hydrogel samples began to aggregate upon reaching pH 6, as shown in Figure 4.5. 

Because a homogenous formulation was required, this was an undesirable effect, but it also 

showed the pH-responsive nature of the system and the possibility to obtain a dual system of 

temperature and pH response for in situ hydrogel aggregation and gelation at the tumour site. A 

possible contribution to the aggregation may be due to CH’s inability to solubilise at neutral-

alkaline pH. At a lower pH, the configuration of polymer chains is more relaxed, enabling a more 

stable ionic interaction with kCRG (Xu and Matysiak, 2017). The main reason to emulate the pH 

of the tumour was to ensure that the tissues do not experience irritation. However, during DOX 

preparation with sodium chloride injection, USP, or 5 %w/v dextrose for intravenous injection, its 

pH is targeted at 3 and administered to the patient. Hence, although physiological pH is ideal, a 

A. Solution at 4 ± 2 °C B. Gel at 37 ± 2 °C 
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lower pH of the formulation will not obstruct the tumour environment and will be safe for patient 

use. The pH was determined after sol-gel transition at 37 ± 2 °C. This was done to ensure that 

there is no drastic change in pH value after conversion of sol to gel, which could occur because 

of an undesired chemical reaction in the system. There was no difference in the pH of the 

solution and that of the gel. The external pH of the hardened gel does not influence its structure. 

This was further emphasised in erosion studies, which is discussed in paragraph 4.8. The pH 

values that were recorded of the 9 hydrogel formulations are tabulated in Table 4.1. 

 

Figure 4.5: Photographic evidence depicting the instability of the prepared hydrogel with 

increasing pH.  
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Table 4.1: pH of the formulated hydrogel samples at 4 ± 2 °C and 37 ± 2 °C 

Sample pH at 4 ± 2 °C (n=3) pH at 37 ± 2 °C (n=3) 

1 4.870 ± 0.014 4.880 ± 0.021 

2 5.110 ± 0.009 5.100 ± 0.000 

3 4.880 ± 0.021 4.880 ± 0.000 

4 4.450 ± 0.000 4.450 ± 0.000 

5 4.640 ± 0.025 4.640 ± 0.000 

6 4.720 ± 0.009 4.740 ± 0.004 

7 4.620 ± 0.000 4.620 ± 0.000 

8 4.580 ± 0.012 4.570 ± 0.009 

9 4.470 ± 0.005 4.470 ± 0.005 

 

4.3 Fourier-transform infrared spectroscopy (FTIR)  

The 9 hydrogel formulations were characterised by FTIR to identify the molecular vibrations of 

the hydrogels and validate the electrostatic interactions between the polymers. The important 

spectroscopic peaks identified from the FTIR data are tabulated in Table 4.2. Figure 4.6 shows 

the FTIR spectra obtained for CH, PF-127, kCRG, LIM, and DOX used in this study. With this 

foundation, the FTIR spectra for all 9 hydrogel formulations were plotted and evaluated (Figure 

4.7).  

Table 4.2: Selected FTIR data for CH, kCRG, LIM and DOX 

Wavenumber (cm-1): functional group 

CH kCRG PF-127 LIM DOX 

3300.41: O-H, N-H 3300.02: N-H 1100.01: C-O 1450.00: C-H 3450.00: N–H 

2900.12: C-H 2900.00: C-H 

1249.00: S=O 

1600.00: C-O 

1030.00: C-O 

844.00: C-OSO3 

2900.23: C-H 3000.00: C=C 

2900.00: C-H 

 

3330.00: O–H 

1100.00: C-H 
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Figure 4.6: FTIR spectra of individual hydrogel constituents – A: CH, B: PF-127, C: kCRG, D: 

LIM, and E: DOX. 
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Figure 4.7 FTIR spectra of the 9 hydrogel formulations indicating peak similarities to CH, kCRG, 

PF-127, and LIM. 
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The spectra of crosslinked polymers with LIM and DOX were represented in the hydrogel 

preparation. According to Figure 4.7, all 9 hydrogel samples maintained identical absorbance 

peaks despite variations in the ratios of the polymers. Therefore, concentration changes of the 

hydrogel constituents did not affect the intensity or broadening of the FTIR peaks. The 

characteristic broad peaks of CH at 3300 cm-1 showing the amine and alcohol functional groups, 

as well as the alcohol in kCRG, were represented in the FTIR spectra of the formulations. There 

was a notable increase in the peak intensity around this wavenumber (3300 cm-1-3700 cm-1) in 

the final formulations, most likely indicating the electrostatic interaction that occurred with the 

combination of CH and kCRG (transmittance intensity of CH and kCRG ≈ 94 %, final formulation 

transmittance intensity ≈ 57 %), which facilitated extensive bonding of NH3
+ and OSO3

-, 

respectively. Further support of the presence of kCRG is represented by the peaks at 844, 925, 

1030, and 1249 cm−1 indicating the stretching bands of C-OSO3 of d-galactose-4-sulfate, CO of 

3,6 anydro d-galactose, glycoside bands of saccharide moiety, and S=O of sulfate, respectively 

(Pourjavadi et al., 2019). The presence of PF-127 in the formulation was clearly evidenced by 

the broad peak at 1100 cm-1, which is assigned to the ether functional group. The characteristic 

alkane peak of LIM was also featured in the hydrogel formulation at 2900 cm-1 and a weak peak 

at 1450 cm-1. The medium 2900 cm-1 peak likely represents the alkane formation between 

PF-127, CH, and LIM. The 1660 cm-1 peak was further assigned to the alkene group in LIM. 

DOX was characterised by the peaks at 3450 cm−1 due to NH stretching vibrations for the 

primary amine structure and at 3330 cm−1 due to OH stretching vibrations. The CH and kCRG 

peak intensity at 1000-1100 cm-1 were present but significantly reduced in the final formulations, 

suggesting reduced ether interaction of the polymers with the other constituents. The reduced 

peak can also be attributed to the high concentration of PF-127 in the formulation, wherein the 

PF-127 (Figure 4.3: B) shows a small peak at 1100 cm-1, which is replicated in the final 

formulation. Overall, all distinct functional groups of the hydrogel excipients were present in the 

9 formulations and the changes in intensities of characteristic peaks, as compared to that of the 

individual constituents, are proof of their crosslinking. 

4.4 Thermal analysis 

4.4.1 Thermogravimetric analysis (TGA) 

The thermal stability of the hydrogel formulations with varying concentrations of polymers was 

investigated using TGA. Initially, individual constituents of CH, kCRG, PF-127, LIM and DOX 

were analysed (Figure 4.8) to gain insight into their thermal behaviour. The final formulations 
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were then analysed, and thermograms were obtained as shown in Figures 4.9a and 4.9b. In the 

first step, a rapid mass loss of 19-22 % was observed because of the presence of absorbed 

water in the hydrogel network and the volatile LIM. As the temperature increased to 350 °C, a 

second mass loss of 27-30 % was observed due to polymer degradation. This degradation at 

high temperatures indicates the extensive crosslinking of the polymers and high stability over a 

wide temperature range. However, the early evaporation at 20 °C supports the need for 

refrigeration of the hydrogel. Unfortunately, the confirmation of hydrogel stability between 

4-20 °C was impossible due to instrument limitations. However, based on the presence of LIM, 

water, and ethanol, the commencement of evaporation is expected, although at an extremely 

small mass loss. It was interesting to note that all 9 hydrogels showed the same thermal 

behaviour despite variations in the concentrations of the constituents. This correlates with the 

FTIR data, wherein no changes in molecular vibrations were observed despite the differences in 

polymer concentrations. Jaafar and Thatchinamoorthi, 2018 observed opposing thermal results 

when they prepared a gellan gum hydrogel containing LIM and curcumin. They identified that as 

the concentration of LIM increased, the mass loss increased (Jaafar and Thatchinamoorthi, 

2018). While their results are sensible, the difference in thermal observations could stem from 

the extremely small concentration differences of LIM in the different formulations used in this 

study which may make it difficult to detect changes in thermal behaviour. However, whether the 

small thermal changes are present or not, the most important consideration is the proven 

thermal stability of the hydrogel formulations. 
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Figure 4.8: Thermogravimetric thermograms obtained with CH, kCRG, PF-127, LIM and DOX during heating from ambient 

temperature to 600 °C.  
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Figure 4.9a: TGA thermograms of hydrogel formulations 1-6 from a temperature of 20 °C to 600 °C.
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Figure 4.9b: TGA thermograms of hydrogel formulations 7-9 from a temperature of 20 °C to 600 °C.

http://etd.uwc.ac.za/



Chapter 4: Results and discussion 
 

87 
 

4.4.2 Differential scanning calorimetry (DSC) 

DSC was employed to further confirm the thermal behaviour of the hydrogel constituents and to 

confirm compatibility of DOX with the polymers. Figure 4.10 shows the DSC traces of the 

individual polymers and the drug. The DSC thermogram obtained for DOX (Figure 4.10(a)) 

revealed an endothermic event at 238.70 °C, which corresponded with the melting point of DOX 

as reported by Obireddy and Lai et al., 2022. Figure 4.10(b) exhibits the thermal trace for PF-

127 which clearly indicates the melting point of 56.40 °C. This correlated well with literature, 

which reports a melting point around of 55 °C (da Silva et al., 2021). The DSC thermogram 

obtained for kCRG showed a broad endothermic event ranging from onset of heating up to 

125 °C. Various literature sources reported that this first thermal event is associated with the 

melting of kCRG (Savadekar et al., 2012). This event was followed by an exothermic event at 

242.14 °C, correlating with the onset of degradation observed during TGA analysis (Figure 4.8). 

Interestingly, CH showed a very similar thermal trace to that observed with kCRG. However, the 

endothermic event showing a peak temperature at 72.18 °C was identified as loss of surface 

water. This corresponded with the first small weight loss step visible in the TGA trace of CH 

(Figure 4.8).  The following exothermic event is attributed to the degradation of the amine 

groups associated with the CH molecule (Tahira et al., 2019). From the thermal data obtained 

for each individual compound, it was concluded that DOX shows thermal stability until  239 °C, 

whilst PF-127 and kCRG melt at fairly low temperatures, 30-60 °C, and CH remains stable well 

above 200 °C. Considering this, it is apparent that the hydrogel formulation process will result in 

complete melting of PF-127 and kCRG and no degradation of any of the components will be 

triggered. 

Figure 4.11 shows the DSC thermograms obtained with mixtures containing DOX and the 

polymers. Three samples were prepared by weighing and mixing of the constituents to obtain a 

physical powder mixture.  Sample 1 consisted of 0.0005 %w/w DOX, 15 %w/w PF-127, 

0.1 %w/w CH and 0.1 %w/w kCRG.  This powder mixture corresponded to the DOX:polymer 

ratios used in the formulation of hydrogels 1, 4, and 7.  Sample 2 consisted of 0.0005 %w/w 

DOX, 15 %w/w PF-127, 0.3 %w/w CH and 0.1 %w/w kCRG, corresponding to the drug:polymer 

ratios used in the formulation of hydrogels 2, 5, and 8. Lastly, Sample 3 consisted of 

0.0005 %w/w DOX, 15 %w/w PF-127, 0.3 %w/w CH and 0.3 %w/w kCRG corresponding to the 

DOX:polymer ratios used in the preparation of hydrogels 3, 6 and 9. 
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Figure 4.10: DSC thermograms of CH, kCRG, PF-127 and DOX from a temperature of 25 °C to 

300 °C.  
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C 

Figure 4.11: DSC thermograms of thermosensitive hydrogel formulations (sample 1-3) from a temperature of 25 °C to 300 °C.  
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Interestingly, the concentration variations of PF-127 and kCRG did not affect the measured 

thermal behaviour. For Samples 1 and 2, a single endothermic peak at 56.40 °C was observed 

and based on observations made during the DSC analysis of the individual compounds, this 

thermal event was identified as the melting of PF-127. The prominence of this melting peak was 

expected based on the concentration thereof ( 98 %) in the drug:polymer mixtures. In sample 

3, a slight exothermic peak was observed at 232.95 °C indicating the degradation of kCRG as 

confirmed by TGA (Figure 4.8) and DSC analysis (Figure 4.10).  This observation is 

understandable since this sample contained the highest concentration of kCRG. 

4.5 Gelation time  

The gelation time of thermoresponsive hydrogels is an important consideration for injectability 

and drug release. Slow gelation may cause the drugs embedded in the hydrogel to escape from 

the tumour into systemic circulation, while fast gelation may clog the injection needle and limit 

homogeneous tissue integration, which further negates drug release. The samples were 

analysed at room temperature 23 ± 2 °C and at physiological temperature of 37 ± 2 °C. Table 

4.3 shows the results obtained within 1 hr of the observation. The point at which there was no 

flow of the hydrogel’s meniscus after tilting was considered the gelation time. Hydrogels 1-3 

remained in a liquid state at 23 ± 2 °C throughout the 1 hr period because of the low LIM 

concentration and increase in water to meet the required volume of the hydrogels. Reasonably, 

the increase in water decreased the gelling capacity of PF-127, and a decrease in the water 

concentration and increase of CH and kCRG led to a more viscous solution and, ultimately, 

quicker gelation. All the samples showed rapid gelation, within 1-3 min, at 37 ± 2 °C, indicating 

the likelihood of an initial stable release of the drug from the hydrogel system. Hydrogels 4-9 

showed the shortest gelling time. Another notable pattern is that as temperature increases, the 

gelling time decreases. This is due to attractive hydrophobic and hydrogen bonding between the 

polymer chains, which aggregate as temperature increases (Ahmad et al., 2019).  
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Table 4.3: Gelation time of hydrogels 1-9 at 23 ± 2 °C and 37 ± 2 °C after 1 hr observation  

Sample Gelation time at 23 ± 2 °C 

(min) (n=3) 

Gelation time at 37 ± 2 °C 

(min) (n=3) 

1 Remains liquid, no gelation 3 ± 0.000 

2 Remains liquid, no gelation 3 ± 0.000 

3 Remains liquid, no gelation 3 ± 0.000 

4 15 ± 1.528 1 ± 0.000 

5 9 ± 0.577 1 ± 0.000 

6 5 ± 0.000 1 ± 0.000 

7 5 ± 0.577 1 ± 0.000 

8 3 ± 0.000 1 ± 0.000 

9 3 ± 0.000 1 ± 0.000 

 

4.6 Rheological analysis of the hydrogel samples   

Rheological analysis was performed to identify the effect of temperature on the gelation 

behaviour of the hydrogels. Figures 4.12 (a-c) show the results obtained from the analysis. 

Shear storage modulus (G′) and shear loss modulus (G”) were used to express the changes in 

deformity of the hydrogel. The orange arrows on the graphs indicate the lower critical solution 

temperature (LCST) of the hydrogel samples, and the green arrows represent G’ at 37 °C.
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Figure 4.12 (a): Shear storage (G’) and shear loss (G”) modulus as a function of temperature (4-40 °C) for hydrogel samples 1-3 

Sample 1: 01%LIM;0.1%CH;0.1%kCRG, sample 2: 01%LIM;0.3%CH;0.1%Kcrg, sample 3: 0.1%LIM;0.3%CH;0.3%kCRG.  
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Figure 4.12 (b): Shear storage (G’) and shear loss (G”) modulus variation as a function of temperature (4-40 °C) for hydrogel 

samples 4-6. Sample 4: 0.3%LIM;0.1%CH;0.1%kCRG, sample 5: 0.3%LIM;0.3%CH;0.1%kCRG, sample 6: 

0.3%LIM;0.3%CH;0.3%kCRG. 
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Figure 4.12 (c): Shear storage (G’) and shear loss (G”) modulus as a function of temperature (4-40 °C) for hydrogel samples 7-9. 

Sample 7: 0.5%LIM;0.1%CH;0.1%kCRG, sample 8: 0.5%LIM;0.3%CH;0.1%kCRG, sample 9: 0.5%LIM;0.3%CH;0.3%kCRG.
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Rheological analysis predicts fundamental aspects of the manufacturing process, handling, and 

potential clinical use of thermoresponsive hydrogels. The analysis assisted in understanding the 

viscoelastic properties of the hydrogel system. This is important to ascertain the exact 

temperature at which the hydrogel gels (LCST) and their resistance towards elastic deformation 

upon the addition of stress – G’ and G” assist with this identification. The sudden increase of G’ 

confirms the thermoresponsive nature of all 9 hydrogels and indicates their LCST. The LCST 

decreased with increasing LIM and increasing CH and kCRG. Samples 1-3 showed an LCST 

above room temperature of 23 °C, while samples 4-9 had an LCST below room temperature. 

Therefore, samples 1-3 will still be in a liquid phase at room temperature (23 ± 2 °C), enabling 

easy administration, but samples 4-9 will gel once exposed to room temperature and may prove 

difficult for administration as the solution must be injected before gelling occurs. However, 

according to the gel time obtained for the hydrogel samples at 23 ± 2 °C, administration within a 

limited period of 3-15 min is still possible at room temperature. For samples 7-9 with an LCST of 

∼12 °C, strict storage of the samples at 4 °C will be required for the hydrogel to maintain a liquid 

phase, as any increase in temperature may lead to undesired premature gelling.  

For all 9 samples, G’ was greater than the G”, which confirms the more elastic deformative 

property of the hydrogels. By comparing hydrogel 1 with hydrogel 2, hydrogel 4 with hydrogel 5, 

and hydrogel 7 with hydrogel 8, it was observed that G’ and G” increased slightly at 37 °C. This 

can be attributed to increasing CH concentration. Several articles have reported the significant 

improvement of G’ with the inclusion of CH (Di Maro et al., 2020), and this study supports those 

results. Like PF-127, CH demonstrates thermal response (Moura, Figueiredo, and Gil, 2008) 

and thickens upon increasing polymer concentration. The thickening represents increment of 

the entanglement of the CH molecular chains, which increases the strength of the system 

(Rwei, and Lien, 2014.). However, upon equal CH and kCRG concentrations at 0.3 %w/v each 

(samples 3, 6 and 9), the viscoelasticity is severely decreased. According to this report, when 

crosslinked with CH and PF-127, kCRG does not improve the viscoelasticity of the hydrogels at 

a temperature of 37 °C. Despite being thermoresponsive, the gelation behaviour of kCRG is 

based on the reduction of temperature, unlike that of PF-127, which relies on increasing 

temperature to facilitate gelation. CH produces high viscoelasticity, however, when crosslinked 

with kCRG, its ability to offer viscoelastic properties is limited due to their opposing thermal 

response behaviour. A recommendation is to use kCRG in cases where the hydrogel polymer 

has a very high LCST and its reduction is needed. The increase of CH did not significantly affect 
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the LCST of the hydrogels (samples 2, 5, and 7), possibly due to the decrease in viscosity of CH 

with increasing temperature (Baratpour et al., 2016).  

Overall, the G’ of the results obtained showed excellent elasticity. The lowest value reported is 

1500 Pa (sample 4), and the highest is 2300 Pa at 37 °C (sample 8). Pourjavadi, et al., 2019, 

also crosslinked CH and kCRG and reported a 470 Pa strength of PNIPAM when crosslinked 

with CH and kCRG for the development of an injectable thermosensitive hydrogel; however, 

despite the poor G’, the LCST was 37 °C, which is remarkably better than that obtained herein. 

As part of rheology studies, tan-δ values were obtained at 4 °C, 23 °C and 37 °C, as tabulated 

in Table 4.4. Tan-δ values further substantiate the viscoelastic properties of the samples and 

confirm their phase transition from liquid to gel. As expected, all 9 hydrogels showed initial 

liquid-like behaviour at 4 °C with tan-δ values less than or equal to 1.000, indicating the 

predominantly viscous property of the hydrogel formulations. As the temperature increased to 

23 °C and 37 °C, the tan-δ decreased drastically, indicating gelling of the hydrogels and its 

transition towards elastic behaviour. For the first 3 samples, the higher tan-δ at 23 °C compared 

to samples 4-9 support the gelation time results, which showed that the hydrogel maintained 

some viscous behaviour imparted by slower gelation times and higher LCSTs. The lower tan-δ 

values of samples 4-9 (≤ 0.178) at 23 °C and 37 °C are cause for concern regarding the 

hydrogels’ administration and deformability at the tumour site; however, the gelation time results 

are significantly important to consider when analysing the dismissal or retainment of these 

samples in the study. Although the hydrogels show predominantly elastic behaviour at 23 °C 

and 37 °C, the gelation time has proven that this does not happen immediately but over a period 

of 3-15 min or 1-3 min at 23 ± 2 °C and 37 ± 2 °C, respectively. Therefore, adequate 

administration and deformability of the hydrogel is still possible within this time range.  
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Table 4.4: Tan-δ values for hydrogel formulations at 4 °C, 23 °C and 37 °C 

Sample 

no. 

Tan-δ 

4 °C 23 °C 37 °C 

1 1.000 0.210 0.066 

2 1.000 0.305 0.026 

3 0.999 0.294 0.067 

4 1.000 0.178 0.110 

5 1.000 0.121 0.113 

6 0.999 0.097 0.047 

7 0.999 0.136 0.078 

8 0.999 0.112 0.095 

9 1.000 0.167 0.052 

 

4.7 Compression strength  

The compression strength is a type of mechanical analysis for thermosensitive hydrogels which 

assists in the determination of rigidity – a property that could influence water penetration, 

swelling and drug release behaviour. Gels with low compression strength will release the drug 

too quickly, whereas those with high mechanical strength will release the drug over a longer 

period. A system that is too rigid and resistant to deformation may irritate the area of injection 

and cause further discomfort for the patient and restrained mobility at the affected site, such as 

mastication in the oral cavity. The peak values and Young’s modulus (E) (represented by the 

slope of the graph) were obtained from the Emperor™ Force software. Unlike storage modulus, 

Young’s modulus measures the compressive stiffness of a solid when the force is applied 

lengthwise. Figures 4.13 (a) and 4.13 (b) provide the results obtained from the compression 

test. The arrows represent the peak force and the Young’s modulus is denoted by “E”.  
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Figure 4.13 (a) Compression results indicating the peak and Young’s modulus (E) of the hydrogel samples at 37 °C, over a force of 

20 N and a displacement of 5 mm for samples 1-6. Sample 1: 01%LIM;0.1%CH;0.1%kCRG, sample 2: 01%LIM;0.3%CH;0.1%kCRG, 

sample 3: 0.1%LIM;0.3%CH;0.3%kCRG, sample 4: 0.3%LIM;0.1%CH;0.1%kCRG, sample 4: 0.3%LIM;0.1%CH;0.1%kCRG, sample 

5: 0.3%LIM;0.3%CH;0.1%kCRG, sample 6: 0.3%LIM;0.3%CH;0.3%kCRG. 
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Figure 4.13 (b): Compression results indicating the peak and Young’s modulus (E) of the hydrogel samples at 37 °C, over a force of 

20 N and a displacement of 5 mm for samples 7-9. Sample 7: 0.5%LIM;0.1%CH;0.1%kCRG, sample 8: 

0.5%LIM;0.3%CH;0.1%kCRG, sample 9: 0.5%LIM;0.3%CH;0.3%kCRG. 
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The tumour is subject to internal and external mechanical forces such as interstitial fluid 

pressure and basic touching or movements in the oral cavity, which may distort the gel system 

and hinder drug delivery. Because tumours are significantly heterogeneous in shape, size and 

type, it is difficult to quantify their mechanical strength; however, studies have shown that the 

stiffness of tumour extracellular matrix ranges anywhere from 1000 Pa to 70000 Pa (Jain, 

Martin, and Stylianopoulos, 2014). The tensile strength of the facial skin was reported as 

1400 Pa (Mazza et al., 2005). The thermosensitive hydrogel must therefore mimic these values 

while ensuring that there is no physical irritation to the tissue area. The mechanical results show 

that all the samples experienced plastic deformation and did not break during compression 

analysis. According to peak values at 5 mm, samples 3, 6 and 9 (formulations with an increased 

concentration of CH and kCRG) can withstand a higher force than the other samples. The 

samples will therefore require a greater amount of force to undergo physical deformation. This 

high force can be attributed to the intensified compactness of the hydrogel structure due to 

increased polymer concentration, which resulted in denser packing of the incorporated 

molecules. The compressive force of the peak of the hydrogel samples was within the range of 

the skin and tumour tissue.   

The Young’s modulus obtained for samples 3, 6, 7 and 9 (0.0526, 0.056, 0.058 and 0.081, 

respectively) is high compared to the other samples, indicating slightly higher rigidity. The 

increase in rigidity due to increasing kCRG is supported by several studies, including that of 

Derkach et al., 2015, and Lim et al., 2017. Young’s modulus also increased with increasing LIM, 

and this may be attributed to the increasing hydrophobic interactions. Mredha et al., 2019 noted 

that hydrophobic-rich components were able to impart stiffness and strength to hydrogels. 

Increasing CH reduced rigidity according to compressive mechanical analysis but increased 

elastic behaviour, according to rheology. From these studies, it can be confirmed that CH 

imparts elasticity to the hydrogels whereas kCRG contributes to compressive strength and 

rigidity. When considering variations in body temperatures between 37-40 °C, the steadiness of 

G’ within that temperature range indicates that each sample will have a similar mechanical 

profile.  
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4.8 Swelling and erosion 

The swelling and erosion capacity of hydrogels are important factors which control drug release 

patterns from hydrogel networks. Aside from mechanical strength, CH and kCRG were 

employed as natural polymers to enhance the biocompatibility of the hydrogels by improving 

their swelling and erosion capacities. It is important to note that the hydrogel formulations used 

in this part of the study did not include DOX due to its high cost and therefore limited availability. 

It is hypothesised that the exclusion of DOX is unlikely to affect the erosion and swelling 

capacity of the gel system because of the low DOX concentration (0.0005 %w/v) that is loaded 

into the hydrogels. Additionally, the low DOX concentration did not affect the chemical 

properties of the hydrogel formulation, as observed in DSC and FTIR. Thus, DOX will not affect 

swelling and erosion of the hydrogel formulations. However, if it does, we can assume that 

results will still follow the same trend since the quantity of DOX is the same for all 9 hydrogels. 

Tables 4.5 and 4.6 represent the results obtained from the swelling and erosion studies, 

respectively, performed at 37  2 °C.  
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Table 4.5: Swelling of hydrogels 1-9 after 72 hrs at 37  2°C    

Sample 

no. 

Average 

initial mass 

of hydrogels 

(g) (n=3) 

Average final 

mass gain 

after 72 hrs 

Average % 

mass gain 

after 72 hrs 

(%) 

1 0.1003 

± 0.0000 

N/A N/A 
 

 

2 0.1002  

± 0.0000 

N/A N/A 
 

 

3 0.1001 

± 0.0001 

0.1445 

± 0.0062 

44.5000  

± 6.2110 
 

4 0.1003 

± 0.0001 

N/A N/A 
 

 

5 0.1003 

± 0.0001 

N/A N/A 
 

 

6 0.1002 

± 0.0001 
 

0.1359 

± 0.0042 

35.9162 

± 4.1515 
 

 

7 0.1002 

± 0.0002 

N/A N/A 

8 0.1002 

± 0.0002 

0.1286 

± 0.0050 

28.5572  

± 5.0051 
 

 

9 0.1004 

± 0.0001 
 

0.1276 

± 0.0060 

27.6218 

± 6.0030 
 

 

 

Many studies claim that swelling is the most important characteristic of hydrogels (Rufato et al., 

2018; Zhang, Feng, and Jin, 2020). It is generally accepted that a high crosslinking density of 

polymers leads to lower swelling and a low crosslinking density leads to higher swelling (Hafeez 

et al., 2018). This is reasonable since, for higher crosslinking density, the internal crosslinking 

points of the hydrogel networks are reduced, restricting their ability to absorb moisture. Contrary 

to many studies, a high crosslinking density of CH and kCRG of the thermoresponsive 

hydrogels resulted in a high swelling capacity. More specifically, an increase in the 
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concentration of CH and kCRG led to an increase in the swelling ratio, but as the concentration 

of LIM increased, the swelling percentage decreased. This was easily identifiable as the 

lyophilised samples with lower crosslinking polymer density/ elasticity and rigidity (samples 1, 2, 

4, 5 and 7) dissolved in the PBS solution, meaning that although crosslinking density may be 

significant, the strength of these linkages to hold the hydrophilic media was not sufficient. It is 

also important to recall that CH and kCRG undergo protonation at lower pH, which strengthens 

their electrostatic interaction, but the PBS was prepared to mimic the tumour environment of pH 

6.8. The high pH may have contributed to weakening the strength of the intermolecular forces 

between these polymers, which further affected their ability to sustain maximum swelling. A 

similar effect was observed by Ahmad et al., 2019, who crosslinked CH with PNIPAM. Their 

study continued to compare the swelling of the hydrogels at low and high pH, and they 

concluded that deprotonation of the amino group occurred at high pH, which reduced the 

swelling ratio of the hydrogel (Ahmad et al., 2019). A study completed by Varshosaz et al., 2021 

also supports the notion that increasing the crosslinking density of polymers leads to increased 

swelling. Nonetheless, the decreased swelling observed with the increased concentration of LIM 

can be related to its hydrophobicity, which further decreases PBS absorption.   

The observed differences in swelling behaviour may also affect deformability of the 

thermoresponsive hydrogels. For formulations which swelled (sample 3, 6, 8 and 9), the 

hydrogel may expand into neighbouring tissue, compromising DOX targeting; although this 

largely depends on the quantity of drug-hydrogel volume that will be administered and the 

tumour size – factors to be further evaluated after quantifying drug loading. Additionally, the 

increased swelling could lead to superficial exposure of the drug-hydrogel system, which in the 

case of OSCC may be transferred to the oral cavity where the patient may swallow or discard 

the drug, even though this will depend on the location of the tumour. With these considerations, 

non-swelling could serve as a preference for injectable hydrogels. Therefore, both non-swollen 

and swollen hydrogels were analysed for erosion. In their review, Zhan et al., 2021 discussed 

the incompatibility of hydrogel swelling in several biomedical applications. Though injectable 

hydrogels did not form part of their discussion, their findings on the non-swelling of double 

network structures and multiple crosslinked polymers emphasise that low/no swelling of 

hydrogels is possible and acceptable depending on the required application and properties, 

such as mechanical strength and elasticity.  
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Table 4.6: Erosion of hydrogel samples 1-9 for 5 weeks at 37 °C   

Sample 

no. 

Average 

initial 

mass of 

hydrogels 

(g) (n=3) 

Average 

mass 

loss 

after 1 

week (%) 

Average 

mass 

loss after 

2 weeks 

(%) 

Average 

mass 

loss after 

3 weeks 

(%) 

Average 

mass 

loss after 

4 weeks 

(%) 

Average 

mass 

loss after 

5 weeks 

(%) 

1 1.080 

± 0.033 

N/A N/A N/A N/A N/A 
 

 

2 0.966 

± 0.053 

17.242  

± 5.048 

43.320  

± 4.285 

N/A N/A N/A 
 

 

3 0.997 

± 0.026 

2.261 

± 1.799 
 

18.269  

± 4.042 

50.500  

± 7.231 

60.497  

± 2.790 

87.070  

± 3.120 
 

 

4 0.968 

± 0.058 

N/A N/A N/A N/A N/A 
 

 

5  1.030 

± 0.008 

23.049 

± 1.262 
 

68.574  

± 2.132 

N/A N/A N/A 

6  1.018 

± 0.075 
 

7.3250  

± 4.155 

59.678  

± 6.750 

 

68.097 

± 6.216 

73.280  

± 1.489 

78.720  

± 4.010 

7 0.964 

± 0.128 

49.125  

± 4.001 
 

N/A N/A N/A N/A 

8  0.979  

± 0.031 

15.253 

± 2.005 

48.521 

± 4.004 

68.932  

± 5.211 

77.995  

± 2.043 

88.880  

± 0.810 

9 0.950 

± 0.114 

 
 

14.239  

± 3.703 

47.224  

± 5.001 

 

67.326  

± 3.174 

73.363  

± 2.999 

79.280  

± 1.360 
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Formulations with increased swelling (sample 3, 6, 8 and 9) demonstrated increased erosion. 

As the water penetration increased, the hydrogel network became weaker and therefore eroded 

more. Additionally, the erosion results show a parallel relationship to mechanical strength. The 

samples which demonstrated poor mechanical strength (samples 1, 4, and 7) were unable to 

maintain their structure within the first week and became completely dissolved in the PBS. 

Figure 4.14 illustrates the destruction of the hydrogel system after 1 week. The destruction of 

the hydrogel network paved an opportunity for elimination of the samples from the study as they 

would lead to poor DOX release. Samples 2 and 5 (higher concentrations of CH) had an initial 

erosion of 17.242 % and 23.049 %, followed by 43.320 % and 68.574 %, respectively, after 2 

weeks. By the third week, the hydrogels de-structured and were therefore eliminated from the 

study. Samples 3, 6, and 9, which showed high rigidity because of their enhanced kCRG 

concentration, were very slow to erode during the first week, demonstrating a mass loss of 

2.261 %, 7.325 %, and 15.253 %. The increase in mass loss with the increasing LIM 

concentration corresponds with TGA results wherein LIM mass loss is already evident at 37 °C 

(see Figure 4.8). Sample 8 also showed initial rapid degradation of 15.253 %, which is similar to 

that of sample 9 (14.253 %) because of the equal amount of LIM. Despite the low concentration 

of kCRG in sample 8, the high CH concentration, which drastically enhanced the shear storage 

modulus to 2300 Pa, was able to maintain the hydrogel structure with minor initial mass loss. By 

week 5, samples 3, 6, 8 and 9 were able to erode up to 72-88 % of their initial mass (see Figure 

4.15). The samples were fragmented into tiny pieces and could not be weighed by the sixth 

week. Rasool and colleagues (2019) also identified fragmentation during drug release 

experiments of kCRG and poly(vinyl alcohol) (PVA). Notably, the erosion rapidly increased by 

the second week compared to weeks 3, 4 and 5. A probable reason is that the surface area of 

the hydrogel that was exposed for degradation in the initial weeks was larger and as time 

progressed and the hydrogel decreased in size, the exposed area became smaller, and 

therefore, a smaller mass loss was observed. Ultimately, samples 3, 6, 8, and 9 showed better 

erosion capacity for potential long-term drug release. However, because only sample 3 and 8 

showed the maximum degradation over 5 weeks (87.070 % and 88.880 %, respectively), they 

were, therefore, maintained in the study. Erosion studies also proved a fundamental aspect of 

the effect of the high pH of PBS on the gelled hydrogels. The solid gels maintained their initial 

structure when immersed in PBS, unlike the lumping observed when the gels are in liquid state 

and adjusted with NaOH to 6.8. Perhaps, a higher pH of the gelled system would affect erosion, 

but like in the case of swelling, that exploration would be beyond the scope of this study.  
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Figure 4.14: Hydrogel samples 1, 4 and 7 immersed in PBS after 1 week of erosion studies. 
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Figure 4.15: Hydrogel samples 3, 6, 8 and 9 after 2 and 5 weeks, respectively, after erosion. 

 

4.9 Evaluation of drug loading efficiency   

Despite its potency in cancer treatments such as OSCC, DOX is amongst the poorly soluble 

chemotherapeutics (Soltantabar et al., 2020). This drawback makes it a target for drug-loading 

improvements. Although it would be an added advantage, this study did not aim to improve the 

drug-loading capacity of DOX, therefore, the hydrochloride salt form was used. The salt form of 

DOX has shown increased solubility of 50 mg/mL (D’ Angelo et al., 2022), however, only 

              Day 1                                           Week 2                                     Week 5 
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5 mg/mL of DOX was loaded into the hydrogel system due to the limited quantity available for 

this study. HPLC was then used to detect whether the drug was successfully loaded in samples 

3 and 8. HPLC analysis was essential in identifying the hydrogel system’s ability to load the 

drug as well as quantifying a potential dosage range expected with this loading concentration. 

Table 4.7 shows the concentration of DOX available in the hydrogel samples as quantified 

through HPLC analysis. The regression curve used for the calculation of the DOX concentration 

is plotted in Figure 4.16.   

 

Table 4.7: Concentration of DOX in 

hydrogel  

Sample no. Concentration of 

DOX (mg/mL) 

3 5.035  

6 4.864 

8 4.947  

9 4.914 

 Figure 4.16: DOX regression curve obtained 

from HPLC data

 

The DOX concentrations loaded into the hydrogel formulations averaged at 5 mg/mL. This was 

noted to be close to 100 % of the actual weighed and added DOX concentration, thus showing 

that the hydrogel formulation process results in excellent drug incorporation. The use of PF-127 

as the thermosensitive polymer of choice is a suitable candidate for the DOX drug loading. As 

detailed in Chapter 2, section 2.5.3.1.4, hydrophilic drugs tend to show good solubility and 

encapsulation capacity in polymer blocks with hydrophilic ends. PF-127 is a triblock copolymer 

with one hydrophobic moiety and two hydrophilic ends, and DOX is also a hydrophilic drug. This 

similarity increases the capacity for hydrophilic DOX attachment to the hydrophilic ends of PF-

127 (Figure 4.17). Therefore, there is a possibility of loading a significantly higher concentration 

of DOX into the hydrogel system.  
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Figure 4.17: Schematic depicting PF-127 triblock copolymer with 2 hydrophilic ends and 

hydrophilic DOX binding to the hydrophilic end of the triblock. 

 

On the other hand, the small quantity of drug loaded in this study could compromise the dosing 

requirement of DOX. Oral tumours are ≤ 2 cm in size with a depth of invasion of 10 mm for 

stage 1-2 cancers (Anderson, Sisson, and Moncrieff, 2015). The low concentration of loaded 

DOX could prove challenging for administration to these early-stage tumours. According to the 

Food and Drug Administration (FDA), the recommended dose for DOX varies between 40-

90 mg/m2 every 21-28 days, depending on factors such as age, stage, and drug combination 

(Food and Drug Administration, 2023). Table 4.8 details the expected volume of the 

thermosensitive hydrogel when 5 mg/mL of DOX is loaded. According to Table 4.8, a patient 

would need to inject a minimum of 8 mL and a maximum of 18 mL of the thermoresponsive 

hydrogel at 5.00 mg/mL, which will accumulate beyond the tumour alone and into neighbouring 

tissue, further compromising the aim for targeted therapy. The injection of a large volume of 

viscous liquid into a small area could also be a painful experience for the patient. Therefore, 

higher concentration of DOX should be explored in further studies.  

Table 4.8: Thermosensitive hydrogel volume required with 5 mg/mL DOX.  

DOX dose 

(mg/m2) 

Thermosensitive 
hydrogel 

volume (mL) 

40 8 

60 12 

75 15 

90 18 

*Hydrogel volume = DOX dose/ concentration of DOX in hydrogel formulation 

Hydrophilic end Hydrophilic end 
Hydrophobic 

branch 

Hydrophilic DOX 
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4.10 Drug diffusional release studies  

Drug release studies were completed over 7 days using a Franz cell diffusion apparatus to 

ensure efficient drug release from the hydrogel matrix and through the synthetic membrane at 

37 °C. The donor compartment was loaded with 2 mg of DOX (0.4 mL hydrogel volume). Figure 

4.18 shows the concentration of drug released over 7 days for sample 3 and 8, including a 

blank. The rate of drug release, represented by the slope of the graph, was calculated according 

to USP, 2014.  

 

Figure 4.18: DOX release profile of samples 3 and 8, at 37 °C, over 7 days.  

 

No DOX was detected in the receiver compartment of the diffusion cell for samples 3 and 8 

within the first 24 hrs. The initial delayed release could stem from the high stiffness of the 

hydrogels (0.053 N and 0.047 N for samples 3 and 8, respectively, as obtained in compression 

analysis), which kept the system intact for a long time, causing the hindrance of DOX release. 

The delayed release may not be favourable for OSCC patients as immediate treatment is 

usually necessary, however the physician would need to consider the stage of cancer and 

whether a 24-hour delay of drug release will negatively impact the patient. It is also important to 

note that the cellulose membrane does not accurately mimic the tumour as described in Chapter 

2, it was emphasised that tumours are made of complex porous tissue, with high interstitial 
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pressure, which may likely assist in the physical breakdown of the hydrogel, thus facilitating 

drug release in vivo. Therefore, in vivo, DOX release from the hydrogel may be quicker than the 

result provided herein.  

The extended exposure of the samples to the release media contributed to softening of the 

hydrogel network, and therefore fostering DOX release of 0.586  0.052 mg/cm2 and 

1.084  0.080 mg/cm2 for samples 3 and 8 respectively by the 2nd day.  The release on day 2 

indicated the common phenomenon of “burst release” associated with stimuli-responsive 

hydrogel formulations. García-Couce et al., 2022, explained that burst release is likely to occur 

because the drug closer to the surface of the membrane can escape more easily into the 

diffusion media due to the rapid interaction and hydration of the hydrogel front with the diffusion 

media. The difference in the burst release of the samples can be attributed to the high swelling 

observed within 72 hrs in sample 3 (44.500 %) compared to that of sample 8 (28.557 %). The 

high swelling in sample 3 resulted in rapid hydration of the hydrogel front and subsequent 

release of drug molecules at the surface of the hydrogel. The release of DOX was associated 

with a visible colour change of the diffusion medium for both samples. 

Further softening of the polymer network caused an increase in the release concentration for 

both samples on the 3rd day. This can be indicated by the increase in swelling and erosion of the 

hydrogels. Sample 8 released the maximum drug concentration of 1.669  0.062 mg/mL (85 %) 

and sample 3 released 1.404  0.070 mg/mL (70 %) of the drug. The slope of the graphs 

specifies the release rate of 0.003 mg/cm2/sec and 0.004 mg/cm2/sec for samples 3 and 8, 

respectively. From these studies, it appears that DOX release is dependent on the erosion of 

the hydrogel rather than swelling, because sample 3 underwent more swelling (44.500 %) 

compared to sample 8 (28.557 %) within 3 days but released less drug than sample 8. Whereas 

sample 8 eroded (15.235 %) more than sample 3 (2.262 %) within the first week and further 

released more DOX.  

The slower release rate of sample 3 could also stem from the strong electrostatic interaction 

between the NH3
+ of CH and OSO3

- of kCRG, which kept the drug entrapped in the hydrogel 

network. The preliminary studies wherein the two polymers were mixed revealed the strength of 

the polymer complexation (refer to Figure 4.3). FTIR results also confirmed the strength of this 

interaction with increasing intensity between 3300-3700 cm-1. The lower drug release of sample 

3 could be due to the high crosslinking between the CH and kCRG polymers wherein equal 

concentrations of CH could interact with equal concentrations of kCRG (0.3 CH: 0.3 kCRG), to 

form a strong complexation. In sample 8, the concentration of CH and kCRG varied (0.3 CH: 0.1 
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kCRG), therefore the entanglement between these polymers may have been slightly reduced, 

with less DOX entrapped within the polymer network, and therefore, more drug being released 

(see Figure 4.19). Liu and colleagues also reported lower release for stronger polyelectrolyte 

complexations between alginate-g-poly(N-isopropyl acrylamide) and CH (Liu et al., 2022).  

 

Figure 4.19: Schematic of drug release from hydrogel matrix. Sample 3 – 1 CH: 1 kCRG, with 

higher drug entrapment capacity and less drug release. Sample 8 – 3 CH: 1 kCRG, with lower 

drug entrapment capacity and more drug released. 

 

It is also likely that the increased concentration of LIM in sample 8 assisted in the release of 

DOX from the hydrogel matrix. The high lipophilicity of LIM could have improved the diffusion of 

DOX through the cellulose membrane. To the best of our knowledge, studies regarding the 

effect of LIM on drug release rates are lacking. Samples 3 and 8 both maintained their 

maximum released concentration between day 3 and 4 of the release study, which suggests a 

Sample 3 Sample 8 

CH and kCRG complex 

DOX released 
from hydrogel. 
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controlled release of the drug. However, DOX concentration decreased thereafter because all 

the sample in the donor compartment were depleted by the 5th day. It is important to note that 

the drug release curve is dependent on several factors including the amount of sample available 

for the test and thus, the seemingly short period of drug release is congruent with the small 

sample quantity in the donor compartment. The quick release of the samples compared to their 

long erosion time indicates that DOX will release to its maximum capacity before the hydrogel 

fully degrades. Overall, samples 3 and 8 demonstrated a delayed and extended-release 

behaviour of the hydrogel system. Chung and colleagues also designed thermosensitive PF-127 

(25 %) hydrogel for DOX release (Chung et al., 2020). The researchers obtained a similar 

release behaviour of up to 5 days and a release of 50 % DOX within 24 hrs (Chung et al., 2020). 

A comparison of this study to their results reveals that the crosslinking of PF-127 with CH, 

kCRG and LIM, has had an effect in delaying the release of DOX.  

4.11 Permeability 

The PAMPA kit was used to analyse the effect of LIM on the permeation rate of DOX through 

biological membranes facilitated by the hydrogel drug delivery system. PAMPA does not 

accurately mimic OSCC tumours because it lacks pores and active transport mechanisms, 

however, it can provide insight on the trend of drug permeation through passive diffusion. DOX 

must travel through the avascular tumour tissue, deep into the hypoxic areas and directly into 

the neoplasm of the oral squamous cell to effectuate complete tumour cytotoxicity. However, the 

drug’s BCS III classification compromises this possibility. Several studies have reported the 

cytotoxic and hydrophobic properties of LIM which can facilitate transdermal permeation and 

cytotoxicity of tumour cells (Campos et al., 2022; Shah et al., 2019; Lu et al., 2014). Therefore, it 

was fitting to investigate the potential effect of lipophilic LIM within the hydrogel system. Drug 

permeation from DOX-loaded hydrogel formulations (sample 3 and 8) with and without LIM were 

compared to the permeation of DOX from a PBS solution of pH 6.8 (control) as depicted in 

Figure 4.20.   
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Figure 4.20: DOX permeability rate of hydrogel samples 3 and 8 for PAMPA analysis. 

 

Literature dictates that DOX exhibits high solubility and low permeability (Kim et al., 2021). Upon 

comparison of DOX control to the hydrogel formulations with or without LIM, it is evident that the 

permeation rate decreased when drug is entrapped within the hydrogel. One study designed 

tretinoin as a liquid and semi-solid hydrogel formulation to reduce its skin permeability through 

nanoencapsulation (Ourique et al., 2011). Although their focus was on the effect of 

nanoencapsulation, a closer look at their results reveals that the permeation rate of tretinoin 

decreased in the Carbopol-based hydrogel formulation as compared to the liquid formulation. 

The reason for this observation is unclear, especially because many researchers report 

increasing drug permeability with the formulation of hydrogels (Fernández-Romero et al., 2020; 

Wu et al., 2022). However, it can be hypothesised that in comparison with a liquid formulation 

drug permeation from a hydrogel formulation not only relies on drug diffusion but also on the 

erosion behaviour, mechanical integrity thereof and the ability of the hydrogel to carry the drug 

to and through the molecular membranes. Despite this result, the aim to improve DOX targeting 

0

0.0004

0.0008

0.0012

0.0016

LIM No LIM Control

P
e

rm
e

a
ti
o

n
 r

a
te

 (
c
m

/s
e

c
)

Formulation

Control

Sample 8

Sample 3

http://etd.uwc.ac.za/



Chapter 4: Results and discussion 
 

115 
 

and reduce its associated side effects, are crucial factors which cannot dismiss the need for a 

thermosensitive hydrogel design.  

When comparing the formulations (samples 3 and 8), to their controls, it is apparent that LIM 

increased the permeation rate of DOX in these hydrogels. Sample 3 showed a permeation rate 

of 1.032 x 10-3 cm/sec, which is a third increment higher compared to its “no LIM” control. For 

sample 8, the formulation showed a 100 % increase in the permeation rate of DOX in the 

hydrogel – 1.413 x 10-3 cm/sec, showing an increased permeation rate even in comparison with 

the DOX control. Although LIM increased the permeation of DOX in the hydrogel formulations, 

the degree of permeation seems to be controlled by the concentration of LIM within the hydrogel 

samples. Sample 8 had a higher concentration of LIM (0.5 %v/v) and thus could permeate more 

extensively than sample 3, which had only 0.1 %v/v LIM. This improvement is substantial in 

increasing the delivery of DOX in OSCC, especially since only 20 % of a conventional DOX 

dose reaches tumour cells (Greene et al., 1983). In most research where significant permeation 

was observed in transdermal studies, LIM concentrations remained between 5-12 % (Lu et al., 

2014; Yang et al., 2013). For example, Yang et al., 2013, reported a 22-fold increase of bufalin 

in rat skin when 10 %v/v LIM was used with a Carbopol gel for the design of a transdermal 

patch. Another study compared the effect of increasing LIM concentration for the delivery of 

transdermal testosterone (Charoensumran et al., 2020). The investigators reported a significant 

permeability increase when LIM was increased up to 10 %v/v (Charoensumran et al., 2020). In 

this study, however, increasing the LIM concentration would compromise the hydrogel's 

thermosensitivity, as observed from the trial formulations. Further studies would therefore need 

to modify the system to ensure that higher concentrations of LIM is loaded (> 0.5 %) and the 

thermosensitive property of the hydrogel is maintained while allowing maximum permeability.  

Furthermore, in their review, Hmingthansanga et al., 2022, reported that the non-polar group 

containing terpenes such as LIM seemed to enhance permeation more rapidly in hydrophobic 

drugs than hydrophilic drugs. This phenomenon would explain the low increase in the 

permeation rates of the hydrogels when compared to the DOX control. Consequently, 

hydrophobic chemotherapeutic drugs may show more statistically significant permeability 

increase in the thermosensitive hydrogels and should therefore be explored. 
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4.12 Conclusion  

Nine PF-127-based thermoresponsive hydrogel samples containing varying concentrations of 

CH/kCRG and LIM were successfully designed. FTIR analysis confirmed the crosslinking of the 

polymers. Despite similar molecular profiles according to FTIR, the hydrogel samples displayed 

different physicochemical behaviours based on the concentration of the materials. The tube 

inversion method and rheological studies revealed that the sol-gel transition of the hydrogel 

samples occurred at temperatures below 37 °C and a gelling time between 1-3 min. The 

viscoelastic nature of the system was proven by the high values of G’ when compared to G” for 

all sample ratios after reaching the LCST. CH and kCRG played a pivotal role in enhancing the 

elasticity and rigidity of the hydrogels, respectively. However, the enhanced strength decreased 

the LCST of the hydrogel formulations. The samples with greater elasticity and rigidity showed 

enhanced swelling and erosion capacity of the hydrogels. The most optimal samples based on 

physical characterisation were samples 3, and 8 because they possessed favourable properties 

for injectable hydrogel manufacture and use, such as high mechanical strength, reasonable 

gelation times, a slow degradation rate and 100 % drug incorporation. Samples 3 and 8 also 

demonstrated delayed release of 24 hours due to the high crosslinking of the CH and kCRG 

polymers. Sample 8 could release up to 85 % of DOX within 3 days and a comparison between 

the release of samples 3 and 8, revealed that the hydrogel system underwent an erosion-

mediated diffusion behaviour. Ultimately, the most optimal formulation was sample 8 as it 

showed higher permeation of DOX after PAMPA assay. LIM favourably enhanced the 

permeation rate of DOX and has potential to enhance the drug’s transport to OSCC cells. The 

system holds promise for cytotoxic synergic activity between DOX and LIM.    
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CHAPTER 5: CONCLUSION 

This chapter provides the overall conclusion to the study. A summary of the study is provided, 

along with its limitations and recommendations. 

5.1 Summary  

In this study, oral squamous cell carcinoma (OSCC) was identified as the most common and 

aggressive carcinoma of the head and neck category. Intravenous chemotherapeutic drugs, 

such as doxorubicin (DOX), were discussed as the main treatment option for OSCC, but poor 

permeation into tumorous tissues and side-effects such as immunotoxicity, cardiotoxicity, and 

gastrotoxicity were established to significantly limit their applicability. This study, therefore, 

aimed to design a target-specific delivery system that would possibly enhance permeation to 

OSCC by using a thermoresponsive hydrogel system and a novel permeation enhancer.  

Thermosensitive hydrogels were designed by crosslinking chitosan (CH), k-carrageenan 

(kCRG), PluronicTM F127 (PF-127) and limonene (LIM). Nine formulations which contained 

varying ratios of the constituents were characterised to identify the most optimal hydrogel 

samples with qualities for a lower critical solution temperature (LCST) around physiological 

temperature, rapid gelation at 37 °C, slow drug release and good permeation potential. To gain 

this knowledge, various characterisation techniques such as gelation time, mechanical strength, 

rheology, swelling, erosion, drug release and permeation studies were employed. 

Physicochemical analysis of the samples also shed light on the polymer crosslinking as 

revealed by FTIR, TGA and DSC.  

The findings of this study revealed that the crosslinking of CH and kCRG with PF-127, can 

enhance the mechanical properties and reduce the degradation rate of the hydrogel system. 

More specifically, CH improves hydrogel elasticity, and kCRG improves gel stiffness. The main 

disadvantage of their implementation, however, is the decrease in LCST as their concentration 

increases. The system was able to maintain a delayed and extended release of DOX, however, 

the high burst release observed may lead to toxicity and therefore indicates that further 

modification of the hydrogel formulation is required to adjust drug release rates. LIM was able to 

demonstrate a concentration dependent increase in permeation. A concentration of 0.5 %v/v of 

LIM could improve the permeation of DOX within the hydrogel by 100 %, according to PAMPA, 

suggesting that the terpene could be used as a permeation enhancer for chemotherapeutic 
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drugs. Table 5.1 summarises the effect of CH, kCRG and LIM on the physicochemical 

properties of the hydrogel. 

 

Table 5.1: A summary of the effect of CH, kCRG and LIM on the physicochemical properties of 

the thermosensivite hydrogel 

 

 

 

 

 

 

 

 

The study has presented a novel strategy where LIM can be used within a thermosensitive 

hydrogel system to improve the permeation of drugs. The issue of poor mechanical strength 

often posed by hydrogels has also been addressed by employing polymers such as CH and 

kCRG. The excellent drug incorporation shows that the system could be valuable for highly 

soluble drugs or other poorly soluble low dose drugs that require site specific delivery. The 

hydrogel system could serve as a promising strategy to improve treatment outcomes in OSCC 

and various types of solid cancers. Overall, the thermosensitive hydrogels were successfully 

designed, and with further improvements in hydrogel formulation and release behaviour, the 

system will have better potential for clinical translation.  

5.2 Limitations  

The thermosensitive hydrogel system that was designed, as well as the methods used in this 

study, were not without limitations. Foremost, the high cost of DOX prevented the purchase and 

use of ample drug to engage in sufficient trial and error of preformulation studies as well as the 

use of relevant clinical amounts for the characterisation studies such as drug release and 

erosion. Further to this, the erosion of hydrogels depends on their volume/surface area of 

exposure. Therefore, the results described in this study may not reflect the true degradation of 

 CH K-CRG LIM 

Gelation time Decrease Decrease  Decrease  

LCST Decrease  Decrease  Decrease  

Mechanical strength Increase  Increase  Increase  

Swelling Increase  Increase  Increase 

Erosion Decrease  Decrease  Increase  

Drug release Decrease Decrease -  

Permeation - - Increase 
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the hydrogels in vitro; however, the trend of erosion over an extended period will likely still be 

applicable. Fortunately, the use of natural constituents with non-toxic synthetic PF-127, holds 

promise for the safe use of the system over a long period.  

As a result of resource constraints, gelation time was dependent on an old-fashioned method of 

tube inversion, which could not adequately measure the rheology as a function of time to 

determine an exact timeframe of gelling. Additionally, financial and time limitations restricted the 

employment of OSCC cells to investigate drug permeation. Because of the low LCST of the 

most optimal hydrogels, a drawback could be their reduced applicability in warm areas, 

especially countries on the equator where surrounding temperatures are very high, because 

hydrogels would easily gel before injection at the intended site. The extremely high 

temperatures in these areas may significantly reduce the already low gelation times of the 

hydrogel based on the results obtained, wherein the gelation time decreased with increasing 

temperature. The thermoresponsive hydrogel would have to remain in an area with controlled 

cooling systems to maintain its temperature – a facility that may be lacking in undeveloped and 

developing countries. In South Africa, where the lack of trustworthy electricity supply resulted in 

the declaration of a national state of disaster, the inability to maintain a cold chain may be a 

significant concern for thermosensitive hydrogels. Currently, there are no international 

standards for the injection of hydrogels, therefore all characterisation studies were based on 

their comparison to existing literature. Finally, the use of this hydrogel system is limited to 

primary, early-stage tumours as the system would not be able to target metastatic cancers.  

5.3 Recommendations and future outlook 

The next phase of this study will aim to explore higher concentrations of LIM that can exist 

within the hydrogel without compromising its thermosensitivity. This will be done to enhance the 

permeation of DOX. A diblock copolymer for thermal response could also be employed to 

enhance the possible attachment of lipophilic LIM to the hydrophobic diblock end, so that ample 

concentration of LIM can be loaded. Furthermore, OSCC cell culture must be employed to 

determine a more precise effect of the terpene on DOX permeation.  

To gauge better understanding of the delivery system, a recommendation is to investigate the 

cytotoxicity of the drug-loaded hydrogel in OSCC cell culture to determine its effectiveness 

toward these cancer cells. For these modifications, a larger drug quantity will need to be 

purchased to cater for formulation trials, and to ensure that characterisation results are not 

compromised. The study has also highlighted several challenges which are opportunities for 
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further research. For example, during trial formulations, it was discovered that PF-127 is unable 

to maintain its thermal property in many laboratory solvents. Some research into appropriate 

solvent combinations that can allow polymer thermal response while solubilising a maximum 

concentration of drug, would overcome this difficult challenge for researchers and would provide 

an easier route to improve the solubility of drugs in thermosensitive hydrogels. Another unique 

observation was the undesired “lumping” with increasing pH – this could be further explored to 

design a dual pH and thermosensitive hydrogel.  
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APPENDICES 

Appendix A1

Design of a Thermoresponsive Hydrogel for Enhanced Intratumoral 
Permeation of a Model Drug in Oral Squamous Cell Carcinoma 

Sandrine Tanga1, Marique Aucamp1, Poornima Ramburrun2   
1Department of Pharmaceutics, University of the Western Cape, Bellville, South Africa 

2Department of Pharmacy and Pharmacology, University of Witwatersrand, 
Johannesburg, South Africa 

Email address: 3723884@myuwc.ac.za 

Purpose: Oral squamous cell carcinoma (OSCC) is the most common 
and aggressive cancer occurring in the oral cavity. Intravenous 
chemotherapy remains a pivotal part of treatment for the disease, 
however, these drugs cause debilitating systemic side effects and are 
unable to permeate into the deep compact layers of tumorous tissue 
cells. Herein, the intratumoral delivery of a model drug using a novel 
hydrogel blend, of chitosan/k-carrageenan and PluronicTM F127, for a 
rapid solution-to-gel thermoresponsive transition at 37°C is proposed to 
achieve tumour-specific delivery and controlled drug release. For 
enhanced permeation, a novel monoterpene with high lipophilicity and 
anticancer effect is combined with the hydrogel system. 

Methods: Physicochemical characterization was performed to 
investigate the crosslinking and thermal behaviour of the polymer blend. 
The most optimal hydrogel systems were investigated through 
mechanical studies. Drug release from the hydrogel system was 
evaluated through drug diffusion and hydrogel degradation studies. 
Finally, the parallel artificial membrane permeability assay was utilized to 
assess the in vitro permeation of the drug through the thermoresponsive 
hydrogel system.  

Results: The addition of chitosan/k-carrageenan increases the 
mechanical strength and allows for slow degradation of the hydrogel 
system, thus enabling a controlled release of the model drug. The blend 
also enables rapid gelation at room temperature with a slight pH 
response. Permeation studies are expected to reveal the effect of the 
novel monoterpene on the permeation of the drug.  

Conclusion: The delivery system demonstrates good solution-gel 
behaviour with controlled and sustained drug release. Therefore, the 
system is an excellent candidate for locally injectable gel–depot systems 
and could improve treatment outcomes in OSCC. 
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Appendix A2 

Design of a Thermoresponsive Hydrogel for Enhanced Intratumoral Permeation of a Model Drug 

in Oral Squamous Cell Carcinoma 

Sandrine Tanga1, Marique Aucamp1, Poornima Ramburrun2 

1Department of Pharmaceutics, University of the Western Cape, Bellville, South Africa 

2Department of Pharmacy and Pharmacology, University of Witwatersrand, Johannesburg, South Africa 

Email: 3723884@myuwc.ac.za 

Introduction: Oral squamous cell carcinoma (OSCC) is the most common and aggressive 

cancer occurring in the oral cavity. Intravenous chemotherapy remains a pivotal part of 

treatment for the disease, however, these drugs cause debilitating systemic side effects and are 

unable to permeate into the deep compact layers of tumorous tissue cells. Herein, the 

intratumoral delivery of a model drug using a novel hydrogel blend, of chitosan/k-carrageenan 

and PluronicTM F127, for a rapid solution-to-gel thermoresponsive transition at 37°C is 

proposed to achieve tumour-specific delivery and controlled drug release. For enhanced 

permeation, a novel monoterpene with high lipophilicity and anticancer effect is combined with 

the hydrogel system. 

Methods: Physicochemical characterization was performed to investigate the crosslinking and 

thermal behaviour of the polymer blend. The most optimal hydrogel systems were investigated 

through mechanical studies. Drug release from the hydrogel system was evaluated through 

drug diffusion and hydrogel degradation studies. Finally, the parallel artificial membrane 

permeability assay was utilized to assess the in vitro permeation of the drug through the 

thermoresponsive hydrogel system. 

Results: The addition of chitosan/k-carrageenan increases the mechanical strength and allows 

for slow degradation of the hydrogel system, thus enabling a controlled release of the model 

drug. The blend also enables rapid gelation at room temperature with a slight pH response. 

Permeation studies are expected to reveal the effect of the novel monoterpene on the 

permeation of the drug. 

Conclusions: The delivery system demonstrates good solution-gel behaviour with controlled 

and sustained drug release. Therefore, the system is an excellent candidate for locally 

injectable gel–depot systems and could improve treatment outcomes in OSCC.
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Appendix A3  
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Appendix A4  

The review paper entitled: “Injectable Thermoresponsive Hydrogels for Cancer Therapy: 
Challenges and Prospects” was prepared according to the stipulated Author Guidelines of the 
MDPI Journal Gels, as outlined below: 

Manuscript Submission Overview (Available at: https://www.mdpi.com/journal/gels/instructions) 

Types of Publications 

Full experimental details must be provided so that the results can be reproduced. Gels requires that authors publish 
all experimental controls and make full datasets available where possible (see the guidelines on Supplementary 
Materials and references to unpublished data). 

Manuscripts submitted to Gels should neither be published previously nor be under consideration for publication in 
another journal. The main article types are listed below and a comprehensive list of article types can be found here. 

• Article: These are original research manuscripts. The work should report scientifically sound experiments 
and provide a substantial amount of new information. The article should include the most recent and 
relevant references in the field. The structure should include an Abstract, Keywords, Introduction, Materials 
and Methods, Results, Discussion, and Conclusions (optional) sections, with a suggested minimum word 
count of 4000 words. Please refer to the journal webpages for specific instructions and templates. 

• Review: Reviews offer a comprehensive analysis of the existing literature within a field of study, identifying 
current gaps or problems. They should be critical and constructive and provide recommendations for future 
research. No new, unpublished data should be presented. The structure can include an Abstract, Keywords, 
Introduction, Relevant Sections, Discussion, Conclusions, and Future Directions, with a suggested minimum 
word count of 4000 words. 

Submission Process 

Manuscripts for Gels should be submitted online at susy.mdpi.com. The submitting author, who is generally the 
corresponding author, is responsible for the manuscript during the submission and peer-review process. The 
submitting author must ensure that all eligible co-authors have been included in the author list (read the criteria to 
qualify for authorship) and that they have all read and approved the submitted version of the manuscript. To submit 
your manuscript, register and log in to the submission website. Once you have registered, click here to go to the 
submission form for Gels. All co-authors can see the manuscript details in the submission system, if they register and 
log in using the e-mail address provided during manuscript submission. 

Accepted File Formats 

Authors are encouraged to use the Microsoft Word template or LaTeX template to prepare their manuscript. Using 
the template file will substantially shorten the time to complete copy-editing and publication of accepted manuscripts. 
The total amount of data for all files must not exceed 120 MB. If this is a problem, please contact the Editorial Office 
gels@mdpi.com. Accepted file formats are: 

• Microsoft Word: Manuscripts prepared in Microsoft Word must be converted into a single file before 
submission. When preparing manuscripts in Microsoft Word, we encourage you to use the Gels Microsoft 
Word template file. Please insert your graphics (schemes, figures, etc.) in the main text after the paragraph 
of its first citation.  

• LaTeX: Manuscripts prepared in LaTeX must be collated into one ZIP folder (including all source files and 
images, so that the Editorial Office can recompile the submitted PDF). When preparing manuscripts in 
LaTeX, we encourage you to use the Gels LaTeX template files. You can now also use the online 
application writeLaTeX to submit articles directly to Gels. The MDPI LaTeX template file should be selected 
from the writeLaTeX template gallery. 

• Supplementary files: May be any format, but it is recommended that you use common, non-proprietary 
formats where possible (see below for further details). 
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Disclaimer: Usage of these templates is exclusively intended for submission to the journal for peer-review, 
and strictly limited to this purpose and it cannot be used for posting online on preprint servers or other 
websites. 

Free Format Submission 

Gels now accepts free format submission: 

• We do not have strict formatting requirements, but all manuscripts must contain the required sections: 
Author Information, Abstract, Keywords, Introduction, Materials & Methods, Results, Conclusions, Figures 
and Tables with Captions, Funding Information, Author Contributions, Conflict of Interest and other Ethics 
Statements. Check the Journal Instructions for Authors for more details. 

• Your references may be in any style, provided that you use the consistent formatting throughout. It is 
essential to include author(s) name(s), journal or book title, article or chapter title (where required), year of 
publication, volume and issue (where appropriate) and pagination. DOI numbers (Digital Object Identifier) 
are not mandatory but highly encouraged. The bibliography software package EndNote, Zotero, Mendeley, 
Reference Manager are recommended. 

• When your manuscript reaches the revision stage, you will be requested to format the manuscript according 
to the journal guidelines. 

Cover Letter 

A cover letter must be included with each manuscript submission. It should be concise and explain why the content of 
the paper is significant, placing the findings in the context of existing work. It should explain why the manuscript fits 
the scope of the journal. 

Any prior submissions of the manuscript to MDPI journals must be acknowledged. If this is the case, it is strongly 
recommended that the previous manuscript ID is provided in the submission system, which will ease your current 
submission process. The names of proposed and excluded reviewers should be provided in the submission system, 
not in the cover letter. 

All cover letters are required to include the statements: 

• We confirm that neither the manuscript nor any parts of its content are currently under consideration or 
published in another journal. 

• All authors have approved the manuscript and agree with its submission to (journal name). 

Author Biography 

Authors are encouraged to add a biography (maximum 150 words) to the submission and post it to SciProfiles. This 
should be a single paragraph and should contain the following points:  

1. Authors’ full names followed by current positions; 
2. Education background including institution information and year of graduation (type and level of degree 

received); 
3. Work experience; 
4. Current and previous research interests; 
5. Memberships of professional societies and awards received. 

Manuscript Preparation 

General Considerations 

• Research manuscripts should comprise:  
o Front matter: Title, Author list, Affiliations, Abstract, Keywords.  
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o Research manuscript sections: Introduction, Materials and Methods, Results, Discussion, 
Conclusions (optional). 

o Back matter: Supplementary Materials, Acknowledgments, Author Contributions, Conflicts of 
Interest, References. 

• Review manuscripts should comprise the front matter, literature review sections and the back matter. The 
template file can also be used to prepare the front and back matter of your review manuscript. It is not 
necessary to follow the remaining structure. Structured reviews and meta-analyses should use the same 
structure as research articles and ensure they conform to the PRISMA guidelines. 

• Graphical Abstract:  

A graphical abstract (GA) is an image that appears alongside the text abstract in the Table of Contents. In 
addition to summarizing the content, it should represent the topic of the article in an attention-grabbing way. 
Moreover, it should not be exactly the same as the Figure in the paper or just a simple superposition of 
several subfigures. Note that the GA must be original and unpublished artwork. Any postage stamps, 
currency from any country, or trademarked items should not be included in it. 

The GA should be a high-quality illustration or diagram in any of the following formats: PNG, JPEG, TIFF, or 
SVG. Written text in a GA should be clear and easy to read, using one of the following fonts: Times, Arial, 
Courier, Helvetica, Ubuntu or Calibri.  

The minimum required size for the GA is 560 × 1100 pixels (height × width). The size should be of high 
quality in order to reproduce well. 

• Acronyms/Abbreviations/Initialisms should be defined the first time they appear in each of three sections: 
the abstract; the main text; the first figure or table. When defined for the first time, the 
acronym/abbreviation/initialism should be added in parentheses after the written-out form. 

• SI Units (International System of Units) should be used. Imperial, US customary and other units should be 
converted to SI units whenever possible. 

• Equations: If you are using Word, please use either the Microsoft Equation Editor or the MathType add-on. 
Equations should be editable by the editorial office and not appear in a picture format. 

• Research Data and supplementary materials: Note that publication of your manuscript implies that you 
must make all materials, data, and protocols associated with the publication available to readers. Disclose at 
the submission stage any restrictions on the availability of materials or information. Read the information 
about Supplementary Materials and Data Deposit for additional guidelines. 

• Preregistration: Where authors have preregistered studies or analysis plans, links to the preregistration 
must be provided in the manuscript. 

• Guidelines and standards: MDPI follows standards and guidelines for certain types of research. See 
https://www.mdpi.com/editorial_process for further information. 

Front Matter 

These sections should appear in all manuscript types  

• Title: The title of your manuscript should be concise, specific and relevant. It should identify if the study 
reports (human or animal) trial data, or is a systematic review, meta-analysis or replication study. Please do 
not include abbreviated or short forms of the title, such as a running title or head. These will be removed by 
our Editorial Office. 

• Author List and Affiliations: Authors' full first and last names must be provided. The initials of any middle 
names can be added. The PubMed/MEDLINE standard format is used for affiliations: complete address 
information including city, zip code, state/province, and country. At least one author should be designated as 
the corresponding author. The email addresses of all authors will be displayed on published papers, and 
hidden by Captcha on the website as standard. It is the responsibility of the corresponding author to ensure 
that consent for the display of email addresses is obtained from all authors. If an author (other than the 
corresponding author) does not wish to have their email addresses displayed in this way, the corresponding 
author must indicate as such during proofreading. After acceptance, updates to author names or affiliations 
may not be permitted. Equal Contributions: authors who have contributed equally should be marked with a 
superscript symbol (†). The symbol must be included below the affiliations, and the following statement 
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added: “These authors contributed equally to this work”. The equal roles of authors should also be 
adequately disclosed in the author contributions statement. Please read the criteria to qualify for authorship. 

• Abstract: The abstract should be a total of about 200 words maximum. The abstract should be a single 
paragraph and should follow the style of structured abstracts, but without headings: 1) Background: Place 
the question addressed in a broad context and highlight the purpose of the study; 2) Methods: Describe 
briefly the main methods or treatments applied. Include any relevant preregistration numbers, and species 
and strains of any animals used. 3) Results: Summarize the article's main findings; and 4) Conclusion: 
Indicate the main conclusions or interpretations. The abstract should be an objective representation of the 
article: it must not contain results which are not presented and substantiated in the main text and should not 
exaggerate the main conclusions. 

• Keywords: Three to ten pertinent keywords need to be added after the abstract. We recommend that the 
keywords are specific to the article, yet reasonably common within the subject discipline. 

Research Manuscript Sections 

• Introduction: The introduction should briefly place the study in a broad context and highlight why it is 
important. It should define the purpose of the work and its significance, including specific hypotheses being 
tested. The current state of the research field should be reviewed carefully and key publications cited. 
Please highlight controversial and diverging hypotheses when necessary. Finally, briefly mention the main 
aim of the work and highlight the main conclusions. Keep the introduction comprehensible to scientists 
working outside the topic of the paper. 

• Materials and Methods: They should be described with sufficient detail to allow others to replicate and 
build on published results. New methods and protocols should be described in detail while well-established 
methods can be briefly described and appropriately cited. Give the name and version of any software used 
and make clear whether computer code used is available. Include any pre-registration codes. 

• Results: Provide a concise and precise description of the experimental results, their interpretation as well as 
the experimental conclusions that can be drawn.  

• Discussion: Authors should discuss the results and how they can be interpreted in perspective of previous 
studies and of the working hypotheses. The findings and their implications should be discussed in the 
broadest context possible and limitations of the work highlighted. Future research directions may also be 
mentioned. This section may be combined with Results. 

• Conclusions: This section is not mandatory but can be added to the manuscript if the discussion is 
unusually long or complex. 

• Patents: This section is not mandatory but may be added if there are patents resulting from the work 
reported in this manuscript. 

Back Matter 

• Supplementary Materials: Describe any supplementary material published online alongside the manuscript 
(figure, tables, video, spreadsheets, etc.). Please indicate the name and title of each element as follows 
Figure S1: title, Table S1: title, etc.  

• Funding: All sources of funding of the study should be disclosed. Clearly indicate grants that you have 
received in support of your research work and if you received funds to cover publication costs. Note that 
some funders will not refund article processing charges (APC) if the funder and grant number are not clearly 
and correctly identified in the paper. Funding information can be entered separately into the submission 
system by the authors during submission of their manuscript. Such funding information, if available, will be 
deposited to FundRef if the manuscript is finally published. 
Please add: “This research received no external funding” or “This research was funded by [name of funder] 
grant number [xxx]” and “The APC was funded by [XXX]” in this section. Check carefully that the details 
given are accurate and use the standard spelling of funding agency names at 
https://search.crossref.org/funding, any errors may affect your future funding. 

• Acknowledgments: In this section you can acknowledge any support given which is not covered by the 
author contribution or funding sections. This may include administrative and technical support, or donations 
in kind (e.g., materials used for experiments). 

• Author Contributions: Each author is expected to have made substantial contributions to the conception or 
design of the work; or the acquisition, analysis, or interpretation of data; or the creation of new software used 
in the work; or have drafted the work or substantively revised it; AND has approved the submitted version 
(and version substantially edited by journal staff that involves the author’s contribution to the study); AND 
agrees to be personally accountable for the author’s own contributions and for ensuring that questions 
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related to the accuracy or integrity of any part of the work, even ones in which the author was not personally 
involved, are appropriately investigated, resolved, and documented in the literature. 
For research articles with several authors, a short paragraph specifying their individual contributions must be 
provided. The following statements should be used "Conceptualization, X.X. and Y.Y.; Methodology, X.X.; 
Software, X.X.; Validation, X.X., Y.Y. and Z.Z.; Formal Analysis, X.X.; Investigation, X.X.; Resources, X.X.; 
Data Curation, X.X.; Writing – Original Draft Preparation, X.X.; Writing – Review & Editing, X.X.; 
Visualization, X.X.; Supervision, X.X.; Project Administration, X.X.; Funding Acquisition, Y.Y.”, please turn to 
the CRediT taxonomy for the term explanation. For more background on CRediT, see here. "Authorship 
must include and be limited to those who have contributed substantially to the work. Please read the 
section concerning the criteria to qualify for authorship carefully". 

• Institutional Review Board Statement: In this section, please add the Institutional Review Board 
Statement and approval number for studies involving humans or animals. Please note that the Editorial 
Office might ask you for further information. Please add “The study was conducted according to the 
guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics 
Committee) of NAME OF INSTITUTE (protocol code XXX and date of approval).” OR “Ethical review and 
approval were waived for this study, due to REASON (please provide a detailed justification).” OR “Not 
applicable” for studies not involving humans or animals. You might also choose to exclude this statement if 
the study did not involve humans or animals. 

• Informed Consent Statement: Any research article describing a study involving humans should contain 
this statement. Please add “Informed consent was obtained from all subjects involved in the study.” OR 
“Patient consent was waived due to REASON (please provide a detailed justification).” OR “Not applicable” 
for studies not involving humans. You might also choose to exclude this statement if the study did not 
involve humans.  
Written informed consent for publication must be obtained from participating patients who can be identified 
(including by the patients themselves). Please state “Written informed consent has been obtained from the 
patient(s) to publish this paper” if applicable. 

• Data Availability Statement: In this section, please provide details regarding where data supporting 
reported results can be found, including links to publicly archived datasets analyzed or generated during the 
study. Please refer to suggested Data Availability Statements in section “MDPI Research Data Policies”. 
You might choose to exclude this statement if the study did not report any data. 
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sponsors had no role in the design, execution, interpretation, or writing of the study”. For more details please 
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figure legends) and listed individually at the end of the manuscript. We recommend preparing the references 
with a bibliography software package, such as EndNote, ReferenceManager or Zotero to avoid typing 
mistakes and duplicated references. We encourage citations to data, computer code and other citable 
research material. If available online, you may use reference style 9. below.  

• Citations and References in Supplementary files are permitted provided that they also appear in the main 
text and in the reference list.  

In the text, reference numbers should be placed in square brackets [ ], and placed before the punctuation; for 
example [1], [1–3] or [1,3]. For embedded citations in the text with pagination, use both parentheses and brackets to 
indicate the reference number and page numbers; for example [5] (p. 10). or [6] (pp. 101–105). 

The reference list should include the full title, as recommended by the ACS style guide. Style files for Endnote and 
Zotero are available. 

References should be described as follows, depending on the type of work: 

JournalArticles: 
1. Author 1, A.B.; Author 2, C.D. Title of the article. Abbreviated Journal Name Year, Volume, page range.  

Books and Book Chapters: 
2. Author 1, A.; Author 2, B. Book Title, 3rd ed.; Publisher: Publisher Location, Country, Year; pp. 154–196. 
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3. Author 1, A.; Author 2, B. Title of the chapter. In Book Title, 2nd ed.; Editor 1, A., Editor 2, B., Eds.; Publisher: 
Publisher Location, Country, Year; Volume 3, pp. 154–196.  

Unpublished materials intended for publication: 

4. Author 1, A.B.; Author 2, C. Title of Unpublished Work (optional). Correspondence Affiliation, City, State, 
Country. year, status (manuscript in preparation; to be submitted). 

5. Author 1, A.B.; Author 2, C. Title of Unpublished Work. Abbreviated Journal Name year, phrase indicating stage 
of publication (submitted; accepted; in press).  

Unpublished materials not intended for publication: 

6. Author 1, A.B. (Affiliation, City, State, Country); Author 2, C. (Affiliation, City, State, Country). Phase describing 
the material, year. (phase: Personal communication; Private communication; Unpublished work; etc.)  

Conference Proceedings: 
7. Author 1, A.B.; Author 2, C.D.; Author 3, E.F. Title of Presentation. In Title of the Collected Work (if available), 
Proceedings of the Name of the Conference, Location of Conference, Country, Date of Conference; Editor 1, Editor 2, 
Eds. (if available); Publisher: City, Country, Year (if available); Abstract Number (optional), Pagination (optional). 

Thesis: 
8. Author 1, A.B. Title of Thesis. Level of Thesis, Degree-Granting University, Location of University, Date of 
Completion.  

Websites: 
9. Title of Site. Available online: URL (accessed on Day Month Year). 
Unlike published works, websites may change over time or disappear, so we encourage you create an archive of the 
cited website using a service such as WebCite. Archived websites should be cited using the link provided as follows: 
10. Title of Site. URL (archived on Day Month Year).  
See the Reference List and Citations Guide for more detailed information.  

Preparing Figures, Schemes and Tables 

• File for Figures and Schemes must be provided during submission in a single zip archive and at a 
sufficiently high resolution (minimum 1000 pixels width/height, or a resolution of 300 dpi or higher). Common 
formats are accepted, however, TIFF, JPEG, EPS and PDF are preferred. 

• Gels can publish multimedia files in articles or as supplementary materials. Please contact the editorial office 
for further information. 

• All Figures, Schemes and Tables should be inserted into the main text close to their first citation and must 
be numbered following their number of appearance (Figure 1, Scheme I, Figure 2, Scheme II, Table 1, etc.). 

• All Figures, Schemes and Tables should have a short explanatory title and caption. 

• All table columns should have an explanatory heading. To facilitate the copy-editing of larger tables, smaller 
fonts may be used, but no less than 8 pt. in size. Authors should use the Table option of Microsoft Word to 
create tables. 

• Authors are encouraged to prepare figures and schemes in color (RGB at 8-bit per channel). There is no 
additional cost for publishing full color graphics. 

Supplementary Materials, Data Deposit and Software Source Code 

MDPI Research Data Policies 

MDPI is committed to supporting open scientific exchange and enabling our authors to achieve best practices in 
sharing and archiving research data. We encourage all authors of articles published in MDPI journals to share their 
research data. Individual journal guidelines can be found at the journal ‘Instructions for Authors’ page. Data sharing 
policies concern the minimal dataset that supports the central findings of a published study. Generated data should 
be publicly available and cited in accordance with journal guidelines.  

MDPI data policies are informed by TOP Guidelines and FAIR Principles.  

Where ethical, legal or privacy issues are present, data should not be shared. The authors should make any 
limitations clear in the Data Availability Statement upon submission. Authors should ensure that data shared are in 
accordance with consent provided by participants on the use of confidential data. 

Data Availability Statements provide details regarding where data supporting reported results can be found, including 
links to publicly archived datasets analyzed or generated during the study.  
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Below are suggested Data Availability Statements: 

- Data available in a publicly accessible repository  
The data presented in this study are openly available in [repository name e.g., FigShare] at [doi], reference 
number [reference number]. 

- Data available in a publicly accessible repository that does not issue DOIs. Publicly available datasets were 
analyzed in this study. This data can be found here: [link/accession number] 

- Data available on request due to restrictions eg privacy or ethical . The data presented in this study are 
available on request from the corresponding author. The data are not publicly available due to [insert reason 
here] 

- 3rd Party Data  
Restrictions apply to the availability of these dat. Data was obtained from [third party] and are available [from 
the authors / at URL] with the permission of [third party]. 

- Data sharing not applicable. No new data were created or analyzed in this study. Data sharing is not 
applicable to this article. 

- Data is contained within the article or supplementary material. The data presented in this study are available 
in [insert article or supplementary material here] 

Data citation: 

• [dataset] Authors. Year. Dataset title; Data repository or archive; Version (if any); Persistent identifier (e.g., 
DOI).  

Computer Code and Software 

For work where novel computer code was developed, authors should release the code either by depositing in a 
recognized, public repository or uploading as supplementary information to the publication. The name and version of 
all software used should be clearly indicated. 

Supplementary Material 

Additional data and files can be uploaded as "Supplementary Files" during the manuscript submission process. The 
supplementary files will also be available to the referees as part of the peer-review process. Any file format is 
acceptable, however we recommend that common, non-proprietary formats are used where possible. For more 
information on supplementary materials, please refer to https://www.mdpi.com/authors/layout#_bookmark83. 

Unpublished Data 

Restrictions on data availability should be noted during submission and in the manuscript. "Data not shown" should 
be avoided: authors are encouraged to publish all observations related to the submitted manuscript as 
Supplementary Material. "Unpublished data" intended for publication in a manuscript that is either planned, "in 
preparation" or "submitted" but not yet accepted, should be cited in the text and a reference should be added in the 
References section. "Personal Communication" should also be cited in the text and reference added in the 
References section. (see also the MDPI reference list and citations style guide). 

Remote Hosting and Large Data Sets 

Data may be deposited with specialized service providers or institutional/subject repositories, preferably those that 
use the DataCite mechanism. Large data sets and files greater than 60 MB must be deposited in this way. For a list 
of other repositories specialized in scientific and experimental data, please consult databib.org or re3data.org. The 
data repository name, link to the data set (URL) and accession number, doi or handle number of the data set must be 
provided in the paper. The journal Data also accepts submissions of data set papers. 

References in Supplementary Files 

Citations and References in Supplementary files are permitted provided that they also appear in the reference list of 
the main text. 
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Research and Publication Ethics 

Research Ethics 

Research Involving Human Subjects 

When reporting on research that involves human subjects, human material, human tissues, or human data, authors 
must declare that the investigations were carried out following the rules of the Declaration of Helsinki of 1975 
(https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/), revised in 2013. According to point 23 of 
this declaration, an approval from the local institutional review board (IRB) or other appropriate ethics committee must 
be obtained before undertaking the research to confirm the study meets national and international guidelines. As a 
minimum, a statement including the project identification code, date of approval, and name of the ethics committee or 
institutional review board must be stated in Section ‘Institutional Review Board Statement’ of the article. 

Example of an ethical statement: "All subjects gave their informed consent for inclusion before they participated in the 
study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the 
Ethics Committee of XXX (Project identification code)." 

For non-interventional studies (e.g. surveys, questionnaires, social media research), all participants must be fully 
informed if the anonymity is assured, why the research is being conducted, how their data will be used and if there 
are any risks associated. As with all research involving humans, ethical approval from an appropriate ethics 
committee must be obtained prior to conducting the study. If ethical approval is not required, authors must either 
provide an exemption from the ethics committee or are encouraged to cite the local or national legislation that 
indicates ethics approval is not required for this type of study. Where a study has been granted exemption, the name 
of the ethics committee which provided this should be stated in Section ‘Institutional Review Board Statement’ with a 
full explanation regarding why ethical approval was not required.  

A written informed consent for publication must be obtained from participating patients. Data relating to individual 
participants must be described in detail, but private information identifying participants need not be included unless 
the identifiable materials are of relevance to the research (for example, photographs of participants’ faces that show a 
particular symptom). Patients’ initials or other personal identifiers must not appear in any images. For manuscripts 
that include any case details, personal information, and/or images of patients, authors must obtain signed informed 
consent for publication from patients (or their relatives/guardians) before submitting to an MDPI journal. Patient 
details must be anonymized as far as possible, e.g., do not mention specific age, ethnicity, or occupation where they 
are not relevant to the conclusions. A template permission form is available to download. A blank version of the form 
used to obtain permission (without the patient names or signature) must be uploaded with your submission. Editors 
reserve the right to reject any submission that does not meet these requirements. 

You may refer to our sample form and provide an appropriate form after consulting with your affiliated institution. For 
the purposes of publishing in MDPI journals, a consent, permission, or release form should include unlimited 
permission for publication in all formats (including print, electronic, and online), in sublicensed and reprinted versions 
(including translations and derived works), and in other works and products under open access license. To respect 
patients’ and any other individual’s privacy, please do not send signed forms. The journal reserves the right to ask 
authors to provide signed forms if necessary. 

If the study reports research involving vulnerable groups, an additional check may be performed. The submitted 
manuscript will be scrutinized by the editorial office and upon request, documentary evidence (blank consent forms 
and any related discussion documents from the ethics board) must be supplied. Additionally, when studies describe 
groups by race, ethnicity, gender, disability, disease, etc., explanation regarding why such categorization was needed 
must be clearly stated in the article. 

Ethical Guidelines for the Use of Animals in Research 

The editors will require that the benefits potentially derived from any research causing harm to animals are significant 
in relation to any cost endured by animals, and that procedures followed are unlikely to cause offense to the majority 
of readers. Authors should particularly ensure that their research complies with the commonly-accepted '3Rs [1]': 

• Replacement of animals by alternatives wherever possible, 
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• Reduction in number of animals used, and 

• Refinement of experimental conditions and procedures to minimize the harm to animals. 

Authors must include details on housing, husbandry and pain management in their manuscript. 

For further guidance authors should refer to the Code of Practice for the Housing and Care of Animals Used in 
Scientific Procedures [2], American Association for Laboratory Animal Science [3] or European Animal Research 
Association [4]. 

If national legislation requires it, studies involving vertebrates or higher invertebrates must only be carried out after 
obtaining approval from the appropriate ethics committee. As a minimum, the project identification code, date of 
approval and name of the ethics committee or institutional review board should be stated in Section ‘Institutional 
Review Board Statement’. Research procedures must be carried out in accordance with national and institutional 
regulations. Statements on animal welfare should confirm that the study complied with all relevant legislation. Clinical 
studies involving animals and interventions outside of routine care require ethics committee oversight as per the 
American Veterinary Medical Association. If the study involved client-owned animals, informed client consent must be 
obtained and certified in the manuscript report of the research. Owners must be fully informed if there are any risks 
associated with the procedures and that the research will be published. If available, a high standard of veterinary care 
must be provided. Authors are responsible for correctness of the statements provided in the manuscript. 

If ethical approval is not required by national laws, authors must provide an exemption from the ethics committee, if 
one is available. Where a study has been granted exemption, the name of the ethics committee that provided this 
should be stated in Section ‘Institutional Review Board Statement’ with a full explanation on why the ethical approval 
was not required. 

If no animal ethics committee is available to review applications, authors should be aware that the ethics of their 
research will be evaluated by reviewers and editors. Authors should provide a statement justifying the work from an 
ethical perspective, using the same utilitarian framework that is used by ethics committees. Authors may be asked to 
provide this even if they have received ethical approval. 

MDPI endorses the ARRIVE guidelines (arriveguidelines.org/) for reporting experiments using live animals. Authors 
and reviewers must use the ARRIVE guidelines as a checklist, which can be found at 
https://arriveguidelines.org/sites/arrive/files/documents/ARRIVE%20Compliance%20Questionnaire.pdf. Editors 
reserve the right to ask for the checklist and to reject submissions that do not adhere to these guidelines, to reject 
submissions based on ethical or animal welfare concerns or if the procedure described does not appear to be justified 
by the value of the work presented. 

1. NSW Department of Primary Industries and Animal Research Review Panel. Three Rs. Available online: 
https://www.animalethics.org.au/three-rs 

2. Home Office. Animals (Scientific Procedures) Act 1986. Code of Practice for the Housing and Care of 
Animals Bred, Supplied or Used for Scientific Purposes. Available online: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/388535/C
oPanimalsWeb.pdf 

3. American Association for Laboratory Animal Science. The Scientific Basis for Regulation of Animal Care and 
Use. Available online: https://www.aalas.org/about-aalas/position-papers/scientific-basis-for-regulation-of-
animal-care-and-use 

4. European Animal Research Association. EU regulations on animal research. Available online: 
https://www.eara.eu/animal-research-law 

Research Involving Cell Lines 

Methods sections for submissions reporting on research with cell lines should state the origin of any cell lines. For 
established cell lines the provenance should be stated and references must also be given to either a published paper 
or to a commercial source. If previously unpublished de novo cell lines were used, including those gifted from another 
laboratory, details of institutional review board or ethics committee approval must be given, and confirmation of 
written informed consent must be provided if the line is of human origin. 

An example of Ethical Statements: 
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The HCT116 cell line was obtained from XXXX. The MLH1+ cell line was provided by XXXXX, Ltd. The DLD-1 cell 
line was obtained from Dr. XXXX. The DR-GFP and SA-GFP reporter plasmids were obtained from Dr. XXX and the 
Rad51K133A expression vector was obtained from Dr. XXXX. 

Research Involving Plants 

Experimental research on plants (either cultivated or wild) including collection of plant material, must comply with 
institutional, national, or international guidelines. We recommend that authors comply with the Convention on 
Biological Diversity and the Convention on the Trade in Endangered Species of Wild Fauna and Flora. 

For each submitted manuscript supporting genetic information and origin must be provided. For research manuscripts 
involving rare and non-model plants (other than, e.g., Arabidopsis thaliana, Nicotiana benthamiana, Oryza sativa, or 
many other typical model plants), voucher specimens must be deposited in an accessible herbarium or museum. 
Vouchers may be requested for review by future investigators to verify the identity of the material used in the study 
(especially if taxonomic rearrangements occur in the future). They should include details of the populations sampled 
on the site of collection (GPS coordinates), date of collection, and document the part(s) used in the study where 
appropriate. For rare, threatened or endangered species this can be waived but it is necessary for the author to 
describe this in the cover letter. 

Editors reserve the rights to reject any submission that does not meet these requirements. 

An example of Ethical Statements: 

Torenia fournieri plants were used in this study. White-flowered Crown White (CrW) and violet-flowered Crown Violet 
(CrV) cultivars selected from ‘Crown Mix’ (XXX Company, City, Country) were kindly provided by Dr. XXX (XXX 
Institute, City, Country). 

Arabidopis mutant lines (SALKxxxx, SAILxxxx,…) were kindly provided by Dr. XXX , institute, city, country). 

Clinical Trials Registration 

Registration 

MDPI follows the International Committee of Medical Journal Editors (ICMJE) guidelines which require and 
recommend registration of clinical trials in a public trials registry at or before the time of first patient enrollment as a 
condition of consideration for publication. 

Purely observational studies do not require registration. A clinical trial not only refers to studies that take place in a 
hospital or involve pharmaceuticals, but also refer to all studies which involve participant randomization and group 
classification in the context of the intervention under assessment. 

Authors are strongly encouraged to pre-register clinical trials with an international clinical trials register and cite a 
reference to the registration in the Methods section. Suitable databases include clinicaltrials.gov, the EU Clinical 
Trials Register and those listed by the World Health Organisation International Clinical Trials Registry Platform. 

Approval to conduct a study from an independent local, regional, or national review body is not equivalent to 
prospective clinical trial registration. MDPI reserves the right to decline any paper without trial registration for further 
peer-review. However, if the study protocol has been published before the enrolment, the registration can be waived 
with correct citation of the published protocol. 

CONSORT Statement 

MDPI requires a completed CONSORT 2010 checklist and flow diagram as a condition of submission when reporting 
the results of a randomized trial. Templates for these can be found here or on the CONSORT website 
(http://www.consort-statement.org) which also describes several CONSORT checklist extensions for different designs 
and types of data beyond two group parallel trials. At minimum, your article should report the content addressed by 
each item of the checklist. 

http://etd.uwc.ac.za/

http://www.cbd.int/convention/
http://www.cbd.int/convention/
http://www.cites.org/
http://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/clinical-trial-registration.html
https://clinicaltrials.gov/
https://www.clinicaltrialsregister.eu/
https://www.clinicaltrialsregister.eu/
https://www.who.int/clinical-trials-registry-platform
https://www.mdpi.com/data/consort-2010-checklist.doc
https://www.mdpi.com/data/consort-2010-flow-diagram.doc
http://www.consort-statement.org/


Appendix 

139 
 

Sex and Gender in Research 

We encourage our authors to follow the ‘Sex and Gender Equity in Research – SAGER – guidelines’ and to include 
sex and gender considerations where relevant. Authors should use the terms sex (biological attribute) and gender 
(shaped by social and cultural circumstances) carefully in order to avoid confusing both terms. Article titles and/or 
abstracts should indicate clearly what sex(es) the study applies to. Authors should also describe in the background, 
whether sex and/or gender differences may be expected; report how sex and/or gender were accounted for in the 
design of the study; provide disaggregated data by sex and/or gender, where appropriate; and discuss respective 
results. If a sex and/or gender analysis was not conducted, the rationale should be given in the Discussion. We 
suggest that our authors consult the full guidelines before submission. 

Borders and Territories 

Potential disputes over borders and territories may have particular relevance for authors in describing their research 
or in an author or editor correspondence address, and should be respected. Content decisions are an editorial matter 
and where there is a potential or perceived dispute or complaint, the editorial team will attempt to find a resolution 
that satisfies parties involved. 

MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.  

Publication Ethics Statement 

Gels is a member of the Committee on Publication Ethics (COPE). We fully adhere to its Code of Conduct and to its 
Best Practice Guidelines. 

The editors of this journal enforce a rigorous peer-review process together with strict ethical policies and standards to 
ensure to add high quality scientific works to the field of scholarly publication. Unfortunately, cases of plagiarism, data 
falsification, image manipulation, inappropriate authorship credit, and the like, do arise. The editors of Gels take such 
publishing ethics issues very seriously and are trained to proceed in such cases with a zero tolerance policy. 

Authors wishing to publish their papers in Gels must abide to the following: 

• Any facts that might be perceived as a possible conflict of interest of the author(s) must be disclosed in the 
paper prior to submission. 

• Authors should accurately present their research findings and include an objective discussion of the 
significance of their findings. 

• Data and methods used in the research need to be presented in sufficient detail in the paper, so that other 
researchers can replicate the work. 

• Raw data should preferably be publicly deposited by the authors before submission of their manuscript. 
Authors need to at least have the raw data readily available for presentation to the referees and the editors 
of the journal, if requested. Authors need to ensure appropriate measures are taken so that raw data is 
retained in full for a reasonable time after publication. 

• Simultaneous submission of manuscripts to more than one journal is not tolerated. 

• The journal accepts exact translations of previously published work. All submissions of translations must 
conform with our policies on translations. 

• If errors and inaccuracies are found by the authors after publication of their paper, they need to be promptly 
communicated to the editors of this journal so that appropriate actions can be taken. Please refer to our 
policy regarding Updating Published Papers. 

• Your manuscript should not contain any information that has already been published. If you include already 
published figures or images, please obtain the necessary permission from the copyright holder to publish 
under the CC-BY license. For further information, see the Rights and Permissions page. 

• Plagiarism, data fabrication and image manipulation are not tolerated.  
o Plagiarism is not acceptable in Gels submissions.  

Plagiarism includes copying text, ideas, images, or data from another source, even from your own 
publications, without giving any credit to the original source. 
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Reuse of text that is copied from another source must be between quotes and the original source 
must be cited. If a study's design or the manuscript's structure or language has been inspired by 
previous works, these works must be explicitly cited. 

All MDPI submissions are checked for plagiarism using the industry standard software iThenticate. 
If plagiarism is detected during the peer review process, the manuscript may be rejected. If 
plagiarism is detected after publication, an investigation will take place and action taken in 
accordance with our policies. 

o Image files must not be manipulated or adjusted in any way that could lead to misinterpretation 
of the information provided by the original image.  

Irregular manipulation includes: 1) introduction, enhancement, moving, or removing features from 
the original image; 2) grouping of images that should obviously be presented separately (e.g., from 
different parts of the same gel, or from different gels); or 3) modifying the contrast, brightness or 
color balance to obscure, eliminate or enhance some information. 

If irregular image manipulation is identified and confirmed during the peer review process, we may 
reject the manuscript. If irregular image manipulation is identified and confirmed after publication, 
we may correct or retract the paper. 

Our in-house editors will investigate any allegations of publication misconduct and may contact the authors' 
institutions or funders if necessary. If evidence of misconduct is found, appropriate action will be taken to 
correct or retract the publication. Authors are expected to comply with the best ethical publication practices 
when publishing with MDPI. 

Citation Policy 

Authors should ensure that where material is taken from other sources (including their own published writing) the 
source is clearly cited and that where appropriate permission is obtained.  

Authors should not engage in excessive self-citation of their own work. 

Authors should not copy references from other publications if they have not read the cited work. 

Authors should not preferentially cite their own or their friends’, peers’, or institution’s publications. 

Authors should not cite advertisements or advertorial material. 

In accordance with COPE guidelines, we expect that “original wording taken directly from publications by other 
researchers should appear in quotation marks with the appropriate citations.” This condition also applies to an 
author’s own work. COPE have produced a discussion document on citation manipulation with recommendations for 
best practice. 

Reviewer Suggestions 

During the submission process, please suggest five potential reviewers with the appropriate expertise to review the 
manuscript. The editors will not necessarily approach these referees. Please provide detailed contact information 
(address, homepage, phone, e-mail address). The proposed referees should neither be current collaborators of the 
co-authors nor have published with any of the co-authors of the manuscript within the last five years. Proposed 
reviewers should be from different institutions to the authors. You may identify appropriate Editorial Board members 
of the journal as potential reviewers. You may suggest reviewers from among the authors that you frequently cite in 
your paper. 

English Corrections 

http://etd.uwc.ac.za/

https://publicationethics.org/files/COPE_DD_A4_Citation_Manipulation_Jul19_SCREEN_AW2.pdf


Appendix 

141 
 

To facilitate proper peer-reviewing of your manuscript, it is essential that it is submitted in grammatically correct 
English. Advice on some specific language points can be found here. 

MDPI provides minor English editing by native English speakers for all accepted papers, included in the APC. The 
APC does not cover extensive English editing. Your paper could be returned to you at the English editing stage of the 
publication process if extensive editing is required. You may choose to use a paid language-editing service, such as 
MDPI’s Author Services, before submitting your paper for publication. If you use an alternative service that provides a 
confirmation certificate, please send a copy to the Editorial Office. Authors from economically developing countries or 
nations should consider registration with AuthorAid, a global research community that provides networking, 
mentoring, resources and training for researchers. 

Preprints and Conference Papers 

Gels accepts submissions that have previously been made available as preprints provided that they have not 
undergone peer review. A preprint is a draft version of a paper made available online before submission to a journal. 

MDPI operates Preprints, a preprint server to which submitted papers can be uploaded directly after completing 
journal submission. Note that Preprints operates independently of the journal and posting a preprint does not affect 
the peer review process. Check the Preprints instructions for authors for further information. 

Expanded and high-quality conference papers can be considered as articles if they fulfill the following requirements: 
(1) the paper should be expanded to the size of a research article; (2) the conference paper should be cited and 
noted on the first page of the paper; (3) if the authors do not hold the copyright of the published conference paper, 
authors should seek the appropriate permission from the copyright holder; (4) authors are asked to disclose that it is 
conference paper in their cover letter and include a statement on what has been changed compared to the original 
conference paper. Gels does not publish pilot studies or studies with inadequate statistical power. 

Unpublished conference papers that do not meet the above conditions are recommended to be submitted to the 
Proceedings Series journals. 

Authorship 
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Abstract: The enervating side effects of chemotherapeutic drugs have necessitated 

the use of targeted drug delivery in cancer therapy. To that end, thermoresponsive 

hydrogels have been employed to improve the accumulation and maintenance of 

drug release at the tumour site. Despite their efficiency, very few thermoresponsive 

hydrogel-based drugs have undergone clinical trials, and even fewer have received 

FDA approval for cancer treatment. This review discusses the challenges of 

designing thermoresponsive hydrogels for cancer treatment and offers suggestions 

for these challenges as available in literature. Furthermore, the argument for drug 

accumulation is challenged by the revelation of structural and functional barriers in 

tumours that may not support targeted drug release from hydrogels. Other 

highlights involve the demanding preparation process of thermoresponsive 

hydrogels, which often involve poor drug loading and difficulties in controlling the 

lower critical solution temperature and gelation kinetics. Additionally, the 

shortcomings in the administration process of thermosensitive hydrogels are 

examined, and special insight into the injectable thermosensitive hydrogels that 

reached clinical trials for cancer treatment is provided.  

Keywords: thermoresponsive hydrogels, cancer, injectable hydrogels, 

chemotherapy, polymers, intratumoral hydrogels 

 

1. Introduction  

 

Since their introduction in the 1960s, injectable thermoresponsive/ 

thermosensitive hydrogels have been employed for the delivery of 

chemotherapeutic drugs for cancer therapy. The ability of 

thermoresponsive hydrogels to remain at the tumour site upon injection has 

demonstrated their efficiency for targeted therapy and subsequent success 

over conventional injectable chemotherapeutics. Thermoresponsive 

hydrogels are able to limit systemic circulation, which causes debilitating 

side effects such as cardiotoxicity, gastrotoxicity, nephrotoxicity, 

immunosuppression, and myelosuppression, which stem from the use of 

intravenously injected chemotherapeutic drugs. The thermal response of 

injectable hydrogels relies on the transition of solution to solid/ semi-solid 
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physiological temperature (∽37 °C). These hydrogels are often reversible; 

therefore, temperature changes control their chemical and physical state. 

Figure 1 demonstrates the physical and chemical changes of 

thermoresponsive hydrogels from solution to gel state. Examples of 

thermoresponsive hydrogels used in cancer therapy include natural 

polymers, proteins or polypeptides, poly(N-isopropyl acrylamide) 

(PNIPAM), and poly(ethylene glycol) (PEG)-based block copolymers [1–3]. 

These polymers demonstrate a lower critical solution temperature (LCST) or 

an upper critical solution temperature (UCST). Below the LCST, the 

polymers remain in a solution state and become more viscous as the 

temperature increases. Above the LCST, the polymers undergo a state of 

gelation. This change from hydrophilic to hydrophobic properties 

demonstrates the amphiphilic nature of thermoresponsive polymers. 

Several factors can influence this transition process including the ratio of 

polymer to hydrophilic components, the dispersion medium and the 

concentration of hydrophobic contents [4]. Hydrogels that are formed upon 

cooling of a polymer solution have an upper critical solution temperature 

(e.g. gelatin), but this approach may not be suited for intratumoral cancer 

treatment due to their lack of solidification at normal body temperature and 

the inability to inject a solid gel. These systems also require high 

temperatures to prepare the formulation, which may cause instability of the 

loaded drug and other excipients.  

Compared to other stimuli-responsive hydrogels like photo-, pH-, and 

radio-sensitive hydrogels, temperature-responsive hydrogels are easier to 

manipulate, do not need additional reagents or equipment to elicit the 

desired effect, and have wider applicability. These hydrogels simply rely on 

physiological temperature to undergo physical transition at approximately 

37 °C. The enhanced applicability of thermosensitive hydrogels for cancer 

treatment is evidenced in their rigorous examination in literature compared 

to other stimuli-responsive hydrogels. Despite their relevance, 

thermoresponsive hydrogels present challenges in their design strategy, 

with drug loading hurdles, deficient degradation, poor mechanical strength, 

instability, and administration difficulties.  

This review discusses the current challenges in the design and use of 

thermoresponsive hydrogels in cancer therapy and provides an overview of 

their future prospects. Knowledge in this area will help researchers 

understand pertinent matters to consider when undertaking research and 

development in thermoresponsive hydrogels for cancer treatment and thus 

guide them in forming new strategies to overcome the challenges discussed 

herein. The unique approach of this review is in its considerations of 

physiological barriers and the provision of a detailed evaluation of 

thermoresponsive injectable hydrogels that have been translated to clinical 

use.   
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Figure 1: Sol-gel transition of a thermoresponsive hydrogel. 

 

2. Physiological barriers to drug delivery in cancerous tumours   

 

Intratumoral delivery provides a significant advantage over 

intravenous delivery of chemotherapeutics. Direct injection at the site of the 

tumour can limit systemic circulation and maximise the drug concentration 

at the target site, thus reducing the side effects of chemotherapeutics and 

their dosing frequency (Figure 2). Despite these benefits, tumourous tissue 

has several physical barriers that may obstruct the efficacy of 

chemotherapeutics by intratumoral delivery from thermoresponsive 

hydrogels.  
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Figure 2: Intravenous delivery and intratumoral delivery. A. Intravenous 

delivery: the drug is systemically circulated throughout the body. B. 

Intratumoral delivery: the drug remains localised within the tumour. 

 

The tumour is characterised by abnormal vascular growth, a leaky 

interstitial fluid-filled space with high pressure, and a hypoxic and acidic 

hostile microenvironment, as depicted in Figure 3. While the interstitial 

space is advantageous for the accumulation of solidified thermosensitive 

gels, it can also pose a challenge to drug distribution. Thermosensitive 

hydrogels with low viscosity and a long gelation time can easily flow out of 

the tumour and into the systemic circulation via the high-pressure flow in 

the interstitial space. Additionally, there is a risk of such systems leaking 

out through the injection site. The hypoxic environment and acidic 

variations from the tumour surface to the tumour core may affect drug 

efficacy at the tumour site [5]. Thermosensitive hydrogels often have a pH-

dependent release behaviour with improved release kinetics at lower pH 

ranges [6]. With the core of a tumour being the most acidic region, 

thermosensitive hydrogels may demonstrate enhanced performance and 

drug release kinetics with that acidic microenvironment, yet the core has the 

least need for chemotherapy due to its necrotic centre. The surface of the 

tumour is the least acidic region and may be slightly affected with reduced 

efficacy even though it has the greatest need for chemotherapy since it hosts 

viable cancer cells. The size of the tumour may also affect the dosing 

requirements of thermosensitive hydrogels. Selecting the most appropriate 

dosing regimen may vary based on the agent or combination of agents 

utilised and the size of the tumour. A larger tumour may need a larger 

volume of the delivery vehicle so that the whole tumour area is targeted, 

while smaller tumours or resected tumours may need a smaller volume of 

the delivery system to avoid unnecessary contact with healthy tissues. 

Tumours located in areas that endure movements, such as oral cancer and 

cancerous arthritis located in the joints, require gels that have excellent 

mechanical strength, elasticity, and adhesion capacity, else there is a risk of 

displacing the gel system to non-targeted areas.  

Tumours are largely heterogeneous based on their location, size and 

functional requisites. However, the physiological challenges of tumours are 

minor compared to the benefits of drug accumulation promised by 

thermosensitive hydrogels.  
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Figure 3: Tumour structure showing hypoxic and acidic variations in 

different regions. 

 

3. Selection and preparation of injectable thermosensitive hydrogels  

 

The design of injectable thermosensitive hydrogels involves careful 

consideration of the type of polymers and the type of crosslinking method 

used. Factors such as rheological behaviour and release kinetics are 

determined by these selections and ultimately influence the behaviour of 

the thermosensitive hydrogel during preparation and dictate their in vivo 

and in vitro success.  

 

- Physical vs chemical crosslinking  

 

Thermosensitive hydrogels can either be prepared via physical or 

chemical crosslinking. Physical crosslinking entails the linking of one 

polymer chain to another to produce a thermosensitive effect through non-

covalent bonding. These hydrogels undergo electrostatic interactions, 

hydrophobic interactions, stereocomplexation and van der Waals forces, 

which enable them to exhibit a reversible response to temperature [7–9]. 

Unlike physical crosslinking, chemical crosslinking occurs through the 

formation of covalent bonds, such as click chemistry, Michael-type addition, 

Schiff base reactions, photopolymerisation and disulfide bond formation 

[10–12]. Chemically crosslinked hydrogels are not reversible, which may be 

undesirable for laboratory preparation and clinical use, because once 

removed from cold storage, the hydrogel must be used, and no further 

modifications can be made to the formulation. However, the covalent bond 

formed between the chains of chemically crosslinked polymers enhances 

their stability in physiological conditions. This stability permits their 

dissolution within surrounding fluids, thus limiting their degradation and 

release rate of drug molecules by diffusion. Physically crosslinked 

hydrogels suffer poor stability and tunability limitations, whereas 

hydrogels obtained via chemical crosslinking possess better injectability 

properties and improved stability [13]. A remarkable study by Han and 
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colleagues portrayed the superior tunability of chemically crosslinked 

hydrogels. In their study, a chemically crosslinked injectable 

thermosensitive hydrogel was successfully designed using dialdehyde-

functionalised polyethene and β-glycerophosphate crosslinked chitosan for 

the delivery of intratumoral doxorubicin [14]. Due to Schiff’s reaction, the 

thermosensitive hydrogels could achieve self-restoration after their 

destruction and were able to provide sustained release of the drug while 

maintaining the integrity and function of the hydrogel [14]. The swelling 

behaviour in physically crosslinked gels is less significant than in 

chemically crosslinked hydrogels [15]. Consequently, chemically 

crosslinked hydrogels perform more consistently in vivo and in vitro than 

physically crosslinked hydrogels. Nonetheless, despite the system accolades 

of chemically crosslinked thermosensitive hydrogels, the requirement of 

enzymes, crosslinking agents, and/ or organic solvents, has potentially toxic 

effects; they may undergo cross-reactivity with components of the biological 

system, damage cells and denature incorporated bioactive molecules, which 

may limit the overall application of the injectable hydrogel. 

 

- Natural vs synthetic hydrogels 

 

Natural polysaccharide polymers, such as chitosan, hyaluronic acid, 

alginate and cellulose, have the general advantage of excellent 

biocompatibility and biodegradability, which makes them preferred 

candidates for thermoresponsive hydrogel carriers. These polymers are 

abundant in nature, with good swelling and healing properties. However, 

their limitation lies in their extremely poor thermal response and therefore 

restricted applicability. For example, chitosan must be used with 

glycerophosphate to enhance thermal sensitivity [16–18]. This strategy 

produces a very slow gelation time (∼10min) which may lead to premature 

drug release upon injection and potential toxicity [19]. If the system is 

injected and remains a solution for an extended period, it may travel to 

neighbouring blood vessels outside the tumour and release the drug before 

it gelates. Chitosan-glycerophosphate produces a fast release of low 

molecular weight drugs owing to its poor mechanical strength, making it 

undesirable for chemotherapeutics where long-term drug release is desired 

[19, 20]. Moreover, the system’s inability to completely reverse from gel to 

solution after sol-gel transition, was reported by Lu and colleagues [21]. 

Hyaluronic acid does not favour long-term release as it possesses a very 

short half-life due to its fast enzymatic degradation by hyaluronidase. 

Butanediol diglycidyl ether and divinyl sulfone are used to slow the 

degradation rate of hyaluronic acid al-[22]. A common attribute between 

chitosan and hyaluronic acid is that chemical modifications, covalent 

crosslinking, and gelling agents must be used with these polymers to obtain 

a gel since they are unable to form hard gels on their own [23, 24]. For 

cellulose, increasing its alkyl groups increases the gelation rate. 

Methylcellulose, carboxymethyl cellulose, and hydroxypropyl cellulose 

have shown similar sol-gel behaviour and have been investigated as 

chemotherapeutic drug carriers [25–27]. Interestingly, chitosan and 

carboxymethyl cellulose have shown dual sensitivity to pH and 

temperature [28].  
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The gelation shortcomings of natural hydrogels have necessitated the 

introduction of synthetic polymers such as PNIPAM and triblock polymers 

based on polycaprolactone (PCL), poly(d,l-lactide) (PLA), poly(ethylene 

glycol) (PEG) and poly(amino ester urethane). These polymers can 

demonstrate rapid thermal response at body temperature and have greater 

versatility. In contrast to natural thermoresponsive polymers, the greatest 

weakness of synthetic polymers is their poor biocompatibility and 

biodegradability. Researchers generally rely on both natural and synthetic 

polymers for the design of hybrid thermoresponsive hydrogels to obtain 

desired effects of the biocompatible properties of natural polymers and the 

tunable properties of synthetic polymers. However, composite hydrogel 

blends of natural and synthetic polymers may yield viscous gels that are 

both difficult and painful to inject. There are also concerns of the toxicity of 

synthetic hydrogel monomers [29]. Extensive work has been conducted to 

improve the mechanical strength and degradability of synthetic hydrogels 

while limiting their toxicity. Patenaude and Hoare [30] reported the design 

of aldehyde-hydrazide-functionalised PNIPAM oligomers with molecular 

weights below the renal cutoff. The modified PNIPAM was able to degrade 

over several weeks into non-toxic, low molecular-weight oligomers. 

Synthetic-natural thermosensitive hydrogels have reported improved 

system functions such as mechanical strength and rheological behaviour 

compared to their individual counterparts [2, 31, 32]. 

 

- The drug-loading dilemma 

 

Most chemotherapeutic drugs are classified under the 

biopharmaceutics classification system (BCS) as either class II or IV, with 

low solubility. A single chemotherapeutic agent is often approved for 

multiple cancer types – increasing their market demand. For example, 

paclitaxel (PTX) shows anti-cancer activity against breast, colon, and 

ovarian cancer, yet it is ranked amongst the lowest soluble 

chemotherapeutic drugs. Table 1 outlines the poor solubility of 

chemotherapeutic drugs and their uses in cancer. The extremely low 

solubility data confirms that there is an increased need for improved 

delivery of poorly soluble chemotherapeutics since their solubility 

challenges have severely limited their clinical translation. In contrast, 

thermoresponsive polymers are mostly soluble in water and their 

thermoresponsive effect is significantly decreased by the addition of 

chemotherapeutic drug solvents such as methanol, ethanol, tertiary-butanol 

and dimethyl sulfoxide [33, 34]. Three common types of thermosensitive 

hydrogels are often employed for thermosensitive hydrogel constructs: 

diblock copolymers like poly(ethylene glycol)-b-poly(D, L-lactide-co-

glycolide) (PEG-b-PLGA), triblock copolymers like poloxamers, and 

PNIPAM. Diblock copolymers are generally composed of a hydrophilic 

PEG block and a hydrophobic attachment, for example, methoxy 

poly(ethylene glycol)-poly-ε-caprolactone (MPEG–PCL) [35]. The PEG 

component introduces compatibility and controls the drug release, while 

the hydrophobic segment can introduce biodegradability and mediate the 

encapsulation of hydrophobic drugs. Although the presence of the 

hydrophilic moiety is essential for sol-gel transition, it also contributes to 
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poor drug loading of hydrophobic chemotherapeutics. This concept is 

further exaggerated in triblock copolymers, which contain a hydrophobic 

A-block and a hydrophilic B-block unit. Poloxamers such as polaxamer 407, 

188, and 388 are made of only one poly(propylene oxide) group and two 

hydrophilic blocks [36]; thus, the loading of hydrophobic 

chemotherapeutics into poloxamer-based hydrogels is therefore severely 

limited. Insoluble drugs may also become heterogeneously distributed 

within the hydrogels, leading to variabilities and non-uniformity of drug 

release rates from hydrogel samples. Consequently, hydrogel matrices with 

hydrophilic end blocks exhibit poor solubility, limited drug-carrying 

capacity and stability to sustain drug release for prolonged periods. Figure 4 

depicts the sol-gel transition and drug loading of diblock and triblock 

copolymers. Attempts to improve this deficiency in amphiphilic 

thermosensitive hydrogels have been explored by combining block 

copolymers of differing molecular weights and ratios [37], including 

complexes such as cyclodextrins (CD) [38] or synthesising dual delivery 

systems such as the use of nanocarriers and liposomes, with targets for 

thermoresponsive sol-gel properties [39–41]. One study maximised this 

hybrid strategy by loading nanocrystals into a thermosensitive hydrogel 

constructed with poloxamer 407, poloxamer 188 and carbomer 974P to 

generate PTX-nanocrystalline gel [42]. The researchers reported an 

increased loading of PTX at 10 mg/mL with adequate rheological behaviour 

and the prevention of local tumour recurrence in mice [42]. 
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Figure 4. Schematic representation of sol-gel transition mechanisms and 

hydrophobic drug loading of diblock and triblock copolymers. A) Diblock 

copolymers (PEG-PLGA) gelate at higher temperatures with hydrophobic 

drugs bonded at hydrophobic end. More hydrophobic linkages present than 

hydrophilic ends. B) Triblock copolymers (PLGA-PEG-PLGA) gelate at 

increased temperature with more hydrophilic linkages and no hydrophobic 

ends. 

 

Table 1. Solubility of chemotherapeutics and their examples in 

thermosensitive hydrogel systems 

 

Drug Type of cancer 
commonly 
indicated for 

Solubility in 
aqueous 
solution 

Examples of 
thermoresponsive 
delivery systems  

Reference 
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(mg/mL) 

Cisplatin Prostate, ovarian 
and bladder 
cancer 

∼1 Co-delivery of resveratrol 
microspheres and cisplatin 
into pluronic-F127 
hydrogel against H22 cells. 

[43, 44] 

Paclitaxel  Breast, colon and 
recurrent ovarian 
cancer 

∼0.002 Paclitaxel nanocrystals 
loaded into poloxamer 
407, poloxamer 188 and 
carbomer 974P against 
breast cancer.  

[42, 45, 46] 
 

Doxorubicin  Leukemia, breast 
cancer, soft 
tissue and bone 
sarcoma, ovarian, 
bladder, thyroid, 
and gastric 
carcinoma 

∼10 
 

Co-delivery of doxorubicin 
and cisplatin loaded in 
PLGA-PEG-PLGA 
hydrogel against Saos-2 
and MG-63 cells. 

[47, 48] 

Docetaxel Prostate cancer, 
metastatic breast 
cancer, gastric 
cancer 

0.006-0.007 Black phosphorus 
nanosheets and micelle 
docetaxel loaded in PF-
127  thermoreversible 
hydrogel for chemo-
photodynamic therapy. 

[49, 50] 

Daunorubicin  Leukemia ∼0.3 - [51] 

Tamoxifen Breast Cancer  
 

∼0.0003 Tamoxifen nanoparticles 
loaded in PLGA-PEG-
PLGA  against MCF-7 
cells in breast cancer. 

[52, 53] 

 

 

- Lower critical solution temperature   

 

For a thermosensitive hydrogel system to excel in its intended 

application, gelation must occur above room temperature but below body 

temperature, i.e., 26 -36 °C. However, achieving an LCST within the narrow 

range of 26 -36 °C is challenging. If the gelation temperature of the injectable 

gel is below 26 °C, gelation occurs at room temperature, leading to 

difficulties in manufacturing and handling. The premature gelation also 

risks needle clogging and consequent administration difficulties, which are 

elaborated on further in this review. Also, high LCSTs produced through 

physical crosslinking are usually accompanied by low mechanical strength 

at physiological temperatures [54, 55]. Many thermoresponsive polymers 

are restricted in their use due to their high LCSTs as presented in Table 2. 

However, during hydrogel preparation and drug loading, the introduction 

of crosslinkers, manipulations in material concentrations, polymer ratio [4] 

and the type of dispersion media used play a substantial role in 

determining the LCST of the designed hydrogel carrier. The LCST can also 

be manipulated by changing the copolymer block length. Increasing the 

block length increases the aggregation tendency of the copolymer in water, 

resulting in a lower LCST and quick onset of gelation at a lower 
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concentration [56–58]. For PEG-based amphiphilic copolymers, a lengthy 

polyester block, shorter PEG block, and increased hydrophobicity or 

crystallizability of the polyester block lead to a higher LCST. In general, 

increasing the ratio of hydrophobic groups results in a low LCST, while 

decreasing the ratio of hydrophilic groups produces a higher LCST [59] 

Table 2. Lower critical solution temperature of commonly used 

thermosensitive polymers and polymer blends in water. 

 

Polymer Polymer 
concentration in 
aqueous 
solution (% w/v) 

LCST (°C) Reference 

Poly(N-isopropyl acrylamide), PNIPAM ∼ 2.5 
 

∼ 32 [60] 

Poly(vinyl methyl ether), PVME ∼ 5  ∼ 40 
 

[61]  

PLGA-PEG-PLGA ∼ 25 ∼ 25 [62] 

Poly(N-vinylcaprolactam), PNVCL ∼ 0.5 ∼ 30 [63] 

Chitosan–glycerol phosphate  

 

∼ 1 CH + ∼ 10 
GP 

∼ 37 [64] 

Pluronic-F127, PF-127   ∼ 15 ∼ 25  - 

Hydroxypropyl methylcellulose, HPMC ∼ 1 ∼ 70 [65] 

Polyphosphazene derivatives ∼ 2 25-80 [66] 

Methoxy poly(ethylene glycol) (MPEG)–
dibock copolymers) 

∼ 1 32-42 [67] 

 

- Dynamics of drug release 

 

The drug release behaviour of chemotherapeutics through the 

hydrogel matrix is impacted by various factors including hydrophobicity, 

mechanical strength, pore size and degradation rate. Synthetic 

thermoresponsive hydrogels demonstrate the rapid release of hydrophobic 

chemotherapeutic drugs and struggle to achieve prolonged, on-demand, 

and rhythmic drug delivery [6, 44, 68]. Moreover, the contrast of 

hydrophobic drugs in hydrophilic systems often generates a fast release rate 

and is characterised by an initial burst effect [69]. A synthetic hydrogel like 

PNIPAM is characterised by hydrophilic amide and hydrophobic propyl 

groups. Below its LCST, its polymer chains extend due to hydrogen 

bonding between the amide groups and the water molecules. Increasing the 

temperature weakens the hydrogen bonds between the amide and water 

molecules and increases the hydrogen bonding between hydrophobic 

interactions among the propyl groups [70]. However, PNIPAM-based 

hydrogels’ separation from solvent and shrinkage above the LCST may 

permit the uncontrolled release of drug molecules [71, 72]. This poor release 

behaviour is also true for pluronics which encounter burst release due to 

their low molecular weight and mechanical strength. The many hydrogen 

bonds between thermosensitive polymer chains form a relatively loose and 
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porous three-dimensional network which allows drug molecules to easily 

diffuse out of the gel matrix [73]. Resolutions to this challenge are the use of 

hydrophobic moieties or the addition of complexing agents like CDs that 

allow the hydrogel system to be homogeneously incorporated with the 

hydrophobic drug [59, 72, 74–76]. Fiorica et al., [69] designed an injectable 

hydrogel by using hyaluronic acid with vinyl sulfone functionalised β-CDs 

as a crosslinking agent to obtain a thermal response. Doxorubicin was 

loaded into the system and investigated for its use in locoregional tumours. 

The system maintained a sustained release of doxorubicin when tested in 

colorectal carcinoma micro masses. Recently, an inclusion complexation 

between polymerised β-CD and hydrophobic cholesterol end-capping 

polyethylene glycol, loaded with 5-fluorouracil/methotrexate was 

constructed as a thermoresponsive hydrogel [77]. The researchers stated 

that the benefit of polymerised β-CD, cholesterol end-capping PEG in 

cancer delivery had not been fully reported yet. Therefore, they sought to 

provide in vitro and in vivo application of the modified hydrogel in breast 

cancer management for the first time. Figure 5 shows the in vitro release 

profiles obtained for the two anti-cancer drugs (5-

fluorouracil/methotrexate), which revealed an extended-release behaviour 

of up to 21 days. The novel study demonstrates the impact of the newly 

assembled hydrogel for controlled release and efficient delivery of the two 

loaded drugs. These studies also emphasise the importance of CDs in 

controlling the release behaviour of thermosensitive hydrogels due to their 

hydrophilic surface and hydrophobic core, which helps to encapsulate 

hydrophobic drugs. 

 

 

 
 

Figure 5. (A) In vitro release profiles of the individual 5-fluorouracil and 

methotrexate from the modified hydrogel at 37 °C in PBS at 0.1% drug 

concentration, and (B) the release profile of 5-Fluorouracil as a function of 

drug concentration in PBS at 37 °C [77]. Reproduced with permission from 

Almawash, El Hamd, and Osman 2022 © Creative Commons CC BY 4.0.  
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The mechanical strength of hydrogels also plays a pivotal role in 

determining drug release rates. Hard gels release chemotherapeutics at a 

slower rate, while softer gels release chemotherapeutics faster [78, 79]. As 

the gel hardens, the degree of porosity decreases, restricting the flow of 

water and drugs out of the hydrogel matrix. Sustained drug release is 

beneficial in cancer treatment because chemotherapeutics often require a 

long treatment period. Achieving this slow drug release rate through the 

mechanical enhancement of injectable hydrogels is difficult. While most 

synthetic thermosensitive systems promote rapid gelation, their formed gel 

severely lacks in strength [80]. This demands the need for a greater 

concentration of the polymer or inclusion of crosslinkers in the hydrogel 

system [81–85] which affects rheology, and restricts the flow of the liquid at 

cooler temperatures and decreases the LCST. Also, increasing synthetic 

polymer concentration makes the gel hard but brittle, leading to breakage of 

the hydrogel system and, ultimately, unsteady drug release [82]. Jiang et al., 

[73] compared the drug release behaviour of PTX-CD loaded in chitosan 

(CS)/glycerol phosphate disodium salt (GP) and CS/PVA/glutaraldehyde 

(GA)/GP. Figure 6 shows that the mechanical strength of CS/GP was lower 

than that of CS/PVA/GA/GP, and consequently, the release time of PTX 

increased as the hardness of the hydrogel increased. Therefore, the strength 

and elasticity of the system hold great importance wherein the matrix 

remains accumulated in one area and maintains its shape within the tumour 

structure while retaining the drug for a prolonged period.   

 

 
 

Figure 6. Drug release-dependent behaviour on mechanical strength for 

PTX-CD loaded hydrogels [73]. Reproduced with permission from Elsevier 

B.V. Ltd. © 2016 

 

The release of chemotherapeutics is substantially influenced by the 

degradation rate of the thermosensitive hydrogel. This rate depends on the 

polymer composition, crystallinity, and topology. The issue of hydrogel 

degradation is of concern because most synthetic polymers possess poor 

biodegradation properties with rates that do not correspond to the dosing 

frequency of the loaded chemotherapeutic drug. Also, synthetic polymers 
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like PEG/polyesters produce acidic molecules that may impair drug 

performance [86] or promote inflammatory responses by host tissues. Their 

degradation time can also be very long [87], thus impeding the transport of 

drug molecules to the tumour via an erosion-based release mechanism. The 

chemical structure of the thermosensitive hydrogel [88], the inclusion of 

natural components like citric acid [89] or even the use of natural polymers 

can be exploited to develop hydrogels with tailored degradation rates and 

drug release behaviour. Amongst synthetic polymers, poly(lactic-co-glycolic 

acid) (PLGA) based hydrogels have reported the best degradation results 

for thermosensitive hydrogels [90, 91] 

 

- Physical mixing hurdles  

 

Another challenge with preparing injectable hydrogels is the large 

quantity requirement of the polymer concentration needed to achieve a 

thermal response at 37 °C, particularly for triblock copolymers [2, 92]. This 

is caused by the polymer’s high critical micelle concentration due to weak 

bonds with the hydrophobic blocks. Studies report that at least 15-30% 

pluronic-F127 (PF-127) [44, 93, 94], 20% poly(l-lactide-co-glycolide)-

poly(ethylene glycol)-poly(l-lactide-co-glycolide) (PLGA–PEG–PLGA) [95, 

96], and 10% poly(organophosphazene) (PPZ) [97] are required to obtain a 

thermal response at physiological conditions. Hydrogels with LCST around 

25 °C may also pose mixing challenges due to their high viscosity at 

ambient temperature. This further demands cold mixing, which may be 

difficult to control and maintain during the fabrication process. PEG/PLGA 

and polyphosphazene polymers have a paste-like consistency which 

hampers weighing and poses mixing challenges with the drug and other 

excipients. Poly(ε-caprolactone)-poly(ethylene glycol)-poly(ε-caprolactone) 

(PCL-PEG-PCL) has a strong crystallinity and therefore needs to be 

dissolved in an aqueous solution at a temperature above its melting point 

(60 °C). Thereafter, the polymer must be incubated at 4 °C for 24 hours to 

obtain a thermosensitive hydrogel – a multi-step preparation process which 

may limit its large-scale manufacturing and clinical translation. 

 

4. Administration of injectable thermosensitive hydrogels 

 

The administration process of hydrogels may pose several challenges 

to patients and clinicians. In an attempt to reach optimal gelation properties, 

such as improved mechanical strength, the concentration of polymer is 

often increased [98]. Also, the high critical micelle concentrations of 

thermosensitive polymers necessitate a high concentration of copolymers to 

obtain gelation [99, 100], leading to a more viscous solution below the LCST. 

This increase in viscosity warrants the need for a large injection needle that 

is inserted at the tumour site, allowing the viscous hydrogel solution to flow 

and press against the extravascular tumour tissue as it fills the space. This is 

a painful experience and undoubtedly affects the patient’s determination to 

allow repeated treatment at the tumour site. However, the use of a local 

anaesthetic may help prevent this scenario. If the thermosensitive gel has a 

low LCST, gelation of the hydrogel will occur at room temperature, causing 

the system to become clogged in the needle and therefore wasted. Clinicians 
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would have to hasten administering the injection to ensure that the gel is 

removed from cold storage and injected within a limited time frame before 

the system gels. This may be an even greater concern in undeveloped and 

developing tropical countries where ambient temperatures are often 

elevated, and there is lack of reliable cooling systems. 

Another regretful administration challenge with injectable hydrogels is 

that they are inaccessible to internal organ cancers such as liver, pancreatic 

and oesophageal cancer. If a need for the system is established in such a 

case, the use of specialised techniques like endoscopic ultrasonography-

guided fine-needle injection is required to allow direct access to the tissues. 

Surgery is employed for inaccessible sites such as brain and ovarian cancers. 

These processes require a specialist medical professional, and this can be 

costly and inconvenient for the patient. Metastatic cancers are also non-

benefactors of injectable thermosensitive systems since they only localise at 

the injected tumour site. In this case, the hailed benefit of thermosensitive 

drug accumulation reaches a limitation. Also, for a thermosensitive 

hydrogel to be employed, imaging techniques must precisely identify the 

cancer tumour, else there is a risk of treating one tumour site while another 

area, unidentified by imaging, is left untreated.  

 

5. Thermoresponsive hydrogels in clinical trials: an update 

 

To date, clinical trials on injectable thermosensitive hydrogels for 

cancer treatment have been severely limited (Table 3). UroGen Pharma 

commercialised ReGel®; a (PLGA-PEG-PLGA)-based formulation that can 

undergo sol-gel transition at 37 °C. The strength of the system is in its 

ability to solubilise poorly soluble drugs [101, 102], and based on this 

advantage, OncoGel® was fabricated. OncoGel® is a chromophore free, 

paclitaxel formulation of triblock copolymer (PLGA–PEG–PLGA) (ReGel®) 

intended for local tumour management [103]. It increases paclitaxel drug 

loading by more than 400-fold (>10 mg/mL) and reports excellent release 

results and degradation over 4-6 weeks [104]. OncoGel® is currently the 

only existing injectable thermosensitive hydrogel that has undergone 

clinical trials for cancer treatment [105]. Despite efforts to make OncoGel® 

applicable, its phase 2 clinical trial was terminated. The researchers noted 

that, although safe, overall survival or tumour response remained the same 

when the gel was used with cisplatin/5-fluorouracil and radiation therapy 

in patients with previously untreated, resectable, local or local-regional 

adenosarcoma or squamous cell carcinoma [106]. A dose escalation study of 

OncoGel® was unsuccessful in another phase 2 clinical trial when evaluated 

within a tumour resection cavity in the brain following surgical removal of 

the tumour [107]. 

Although not for direct injection, UGN-101 (Jelymyto®) was 

constructed with thermoresponsive sol-gel properties for the delivery of 

mitomycin in upper tract urothelial carcinoma [108]. The system is based on 

ReGel® and has an LCST around body temperature [109]. UGN-101 

overcomes the physio-anatomical constraints of the urinary tract, where 

continuous urine production prevents drug retention [109]. After favourable 

phase 3 clinical trials, which revealed significant disease eradication and 

reduced nephrotoxicity [110], the system received FDA approval under the 
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orphan drug designation  [111]. Jelymyto® has since been registered for a 

clinical trial to assess its efficacy and safety in recurrent patients who 

already received the drug for upper tract urothelial carcinoma, however, the 

study was withdrawn due to a lack of participants; owing to the rarity of 

the disease [112]. Another clinical trial was recently completed for the 

thermosensitive mitomycin in nonsurgical primary chemoablation of 

nonmuscle-invasive bladder cancer [113, 114]. The system remained durable 

and achieved significant recovery with no reoccurrence within one year in 

65% of the patients [113].  

The clinical trials presented herein validate the safety and relevance of 

thermosensitive hydrogels towards cancer treatment. The failed studies do 

not prove that thermosensitive hydrogels are ineffective, rather that more 

hydrogels with improved release qualities should be designed and various 

systems should be investigated for different cancer types. The lesson is also 

to look beyond the concept of intratumoral delivery and propose specialised 

methods to deliver thermosensitive hydrogels for various cancer types, as 

Jelymyto® has demonstrated.  

 

Table 3: Thermosensitive hydrogels that have undergone clinical trials for 

cancer treatment 

 

Tradename Encapsulated 
drug 

Thermosensiti
ve hydrogel 

Cancer type Status References 

OncoGel® Paclitaxel PLGA-PEG-
PLGA 

Esophageal 
cancer 
Adenocarcinoma 
of the esophagus 
Squamous cell 
carcinoma 
Brain neoplasms 

Phase 2 [103, 105] 

   Glioblastoma 
Multiforme 

Phase 2 [107] 

Jelymyto® Mytomycin PLGA-PEG-
PLGA 

Carcinoma 
Transitional cell 
Transitional cell 
Carcinoma of 
renal pelvis 

Phase 3 [108, 110] 

   Bladder cancer Phase 2 [113] 

 

6 Conclusion and future outlook 

 

Injectable thermosensitive hydrogels are currently a popular research 

venture, however, there is a significant lack in their clinical translation. The 

challenges of tumour structural barriers, poor loading of 

chemotherapeutics, unsustained drug release, and inefficient gel rheology 

have limited their clinical efficacy. However, their promise for targeted 
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drug delivery at the tumour site remains the backbone of their rigorous 

laboratory examination. Synthetic polymers have paved the way for the 

enhancement and tunability of injectable thermosensitive hydrogels, but 

qualities of poor biocompatibility and degradability restrict their successful 

implementation. Natural polymers or additives for the promotion of these 

limitations are encouraged for use with synthetic thermosensitive hydrogels 

and the balancing of hydrophilic and hydrophobic components is an 

integral part of sol-gel behaviour. Hybrid systems like the use of 

nanocarriers, extravesicular carriers and inclusion complexes like 

cyclodextrins can tackle poor drug loading of thermosensitive hydrogels. 

Furthermore, the heterogeneity of different tumour types emphasises the 

need for personalised treatment plans.  

A critical need for improved systems in the field of thermosensitive 

hydrogels still exists, and future research should focus on improving 

current or designing new synthetic polymers for the increased drug loading 

of hydrophobic chemotherapeutics while maintaining good mechanical 

strength, sol-gel transition, and biodegradable and biocompatible 

properties. Additional anti-cancer drugs, such as dostarlimab (recently 

approved for endometrial cancer), should be explored for thermosensitive 

hydrogel formulation. Researchers should also consider the repurposing of 

drug agents for thermosensitive hydrogel designs, such as aspirin and 

terbinafine, which have shown efficacy toward cancer cells [115, 116]. 

Thermosensitive hydrogels still have a long way to go in the field of 

advanced drug delivery. As research advances in the field of stimuli-

responsive hydrogels to overcome the associated challenges, it is 

anticipated that more thermosensitive systems will be studied in clinical 

trials.   
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Design and characterisation of a Pluronic-F127-based injectable 
thermoresponsive intratumoural hydrogel  
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Western Cape, Bellville, 7535, South Africa 
2 Wits Advanced Drug Delivery Platform Research Unit, Department of Pharmacy and Pharmacology, 
School of Therapeutic Science, Faculty of Health Sciences, University of Witwatersrand, 7 York Road 

Parktown, Johannesburg, 2193, South Africa 

Abstract  

The intravenous administration of chemotherapeutic agents causes an array of side 
effects during the treatment course, leading to physical and psychological distress. 
Additionally, these drugs struggle to permeate deep within the tumorous tissue cells 
which limits their efficacy. Herein, an intratumoral thermoresponsive hydrogel containing 
PluronicTM F127 (PF-127) was designed to improve the targeted delivery of oncology 
drugs to cancer cells. Natural polymers, chitosan (CH) and k-carrageenan (kCRG) were 
employed to enhance the rheological, mechanical and erosion properties of the 
hydrogel system. The hydrogel maintained a liquid state at 4 °C and transitioned to a 
gel at 31 °C, with adequate mechanical and erosion properties. The results of this study 
indicate that CH/kCRG/PF-127/LIM shows potential as an injectable thermosensitive 
hydrogel system for administering drugs within solid tumours. 
 
Introduction  
 
Chemotherapeutics are effective and widely used against cancer however, their 
intravenous administration leads to poor permeation and side effects, such as 
cardiotoxicity, myopathy, nephrotoxicity and immunotoxicity [1]. Several strategies, such 
as the design of analogues and the use of smart drug delivery systems (DDSs), such as 
nanoparticles, hydrogels, and liposomes, have been explored to control 
chemotherapeutic targeting and improve treatment outcomes. Among the smart DDSs 
used, injectable hydrogels have been widely explored to improve drug targeting in 
cancer treatment. Hydrogels comprise a 3D polymeric structure which stores drugs 
within its gel network, allowing for a controlled and slow release. Thermosensitive 
hydrogels respond to changes in temperature by transitioning from liquid to gel. 
Thermoresponsive hydrogel delivery systems are advantageous for tumour targeting 
because they can be modified to maintain therapeutic concentrations of the drug within 
the tumour site, while providing excellent biocompatibility, degradability, and sustained 
drug release [2].  

However, thermosensitive hydrogels are often associated with weak mechanical 
properties which limit their ability to remain at the target site without breakage or 
collapse resulting from biological interference or design defects [2]. The mechanical 
strength of a hydrogel system is, therefore, of considerable importance to maintain 
rigidity and structural integrity within the tumour. PluronicTM F127 (PF-127) is a common 
thermosensitive polymer frequently employed for its safety and lower critical solution 
temperature (LCST) at physiological conditions, however, it demonstrates poor 
mechanical strength when used alone. Therefore, CH and kCRG featuring favourable 
biocompatible properties and mechanical strength were used to improve the mechanical 
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properties of PF-127. The synergic incorporation of these polymers could improve the in 
vivo stability of thermoresponsive systems, based on their ability to enhance hydrogel 
mechanical strength in formulations, such as films and wound dressings [3].  

To target the issue of poor drug permeation and accumulation in tumours, limonene 
(LIM), a natural monoterpene, was selected for its high lipophilicity and 
chemotherapeutic activity in various cancers such as breast, lung, and prostate cancer 
[4]. Doxorubicin (DOX) was used as a model drug to assess the drug-loading efficiency 
of the system.  The present study investigates the crosslinking of CH, kCRG, PF-127 
and LIM to obtain an injectable thermoresponsive hydrogel for targeted drug delivery 
applications. The unique approach of this study is the employment of LIM in the polymer 
blend to potentially aid DOX diffusion. As such, the formulation could provide sustained 
drug release and appropriate physicochemical characteristics with improved anticancer 
activity.  

Materials 

DOX was purchased from DB Fine Chemicals (Johannesburg, South Africa). LIM and 
kCRG were purchased from Iffect Chemphar Co., Ltd, Hongkong, P.R. China. 
Ethanol (96% v/v) was supplied by Laborem (Johannesburg, South Africa). PF-127, CH 
(medium molecular weight), sodium hydroxide (NaOH), disodium hydrogen phosphate, 
potassium dihydrogen phosphate and chromatography grade methanol were obtained 
from Sigma-Aldrich (Johannesburg, South Africa). Analytical grade glacial acetic acid 
was obtained from Saarchem (Pty) Ltd (Johannesburg, South Africa).  
 
Methods  
 
Preparation of thermosensitive hydrogel 
CH and kCRG solutions were prepared separately according to a method adapted from 
Pourjavadi and colleagues [5]. Briefly, 10 mL of CH and kCRG solutions of 0.3% w/v 
were prepared by dissolving 300 mg CH in 1% v/v glacial acetic acid, and 300 mg 
kCRG in deionized water heated to 60 ± 2 °C. After mixing for 10 min at 800 rpm, the 
two solutions were further diluted to 40 mL each.  kCRG solution was then transferred 
dropwise (5 mL/min) to the CH solution while vigorously stirring at 1400 rpm at 50 ± 2 
°C. Thereafter, the CH/kCRG solution was transferred to a rotary evaporator (50 ± 2 °C) 
and left to evaporate until the volume was reduced to approximately 10 mL.  
 
For drug loading, 0.0005% w/v DOX solution prepared in 20% v/v ethanol and 0.1% v/v 
LIM was subsequently added and mixed into the solution. The CH/kCRG solution was 
mixed into the DOX-LIM solution. Thereafter, the CH/kCRG/LIM-DOX solution was 
transferred to an ice water bath, and 15% w/v PF-127 was added to the solution. The 
polymer blend was stirred until a homogenous, red-coloured solution was obtained. The 
pH of the solution was adjusted to approximately 5 using 2 M NaOH. The sample was 
transferred to a refrigerator at 4 ± 2 °C where it was stored for 24 hrs. The synthesis 
process is depicted in Figure 1. 
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Figure 1: Schematic representing the synthesis of thermoresponsive PF-127/CH/kCRG 
hydrogel with DOX-LIM. 
 
Fourier transform infrared spectroscopy (FTIR) 
The molecular transitions and chemical composition of the hydrogel were confirmed 
using FTIR (Perkin Elmer 400 FTIR) over a wavenumber range of 4000-650 cm-1 for 
interactions between polymers and excipients.  

 
Thermal analysis  
The thermal behaviour of the hydrogels was analysed using thermal gravimetric 
analysis (TGA) (Perkin Elmer TGA 4000 thermogravimetric analyser, Waltham, USA). 
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The hydrogel sample was heated at 10 °C/min from 20 - 600 °C with nitrogen gas at a 
flow rate of 20 mL/min. 
 
Rheological analysis  
The hydrogel sample was analysed using an ElastoSens™ Bio2 rheometer (Rheolution 
Inc, Montreal, Canada). Hydrogel samples of 5 mL were analysed for storage modulus 
and loss modulus over a temperature range of 4-40 °C.  
 
Compressive strength 
The compression strength of the hydrogel was measured using a Mecmesin mechanical 
analyser, Poly Test Instruments (Johannesburg, South Africa). The hydrogel sample (5 
mL), placed in a size 6 poly top vial maintained in a water bath at 37 ± 2 °C, was 
compressed under a load of 20 N, speed of 10 mm/min, and displacement of 5 mm.  
 
Erosion  
Erosion studies were performed over a period of six weeks. A hydrogel mass of 1 g was 
left to gel in a poly top vial at 37 ± 2 °C. PBS (1 mL, pH 6.8) was then added to the gel. 
The sample was maintained at 37 ± 2 °C and 70 ± 2% RH in a humidity chamber 
(Labdesign Engineering (Pty) Ltd, South Africa). On weekly intervals, the PBS was 
removed, the swollen hydrogel was weighed and fresh medium was added to the 
hydrogel.  
 
Results and discussion 
 
Synthesis of hydrogel 

The PF-127/CH/kCRG hydrogel was successfully prepared and a red solution was 
obtained (resulting from the colour of DOX). FTIR revealed the presence of pertinent 
functional groups of DOX, CH, kCRG, PF-127 and LIM crosslinking (Figure 2). In the 
hydrogel formuation, the broad peak between 3000-3800 cm-1 is reflective of the N-H 
and O-H functional groups in CH, kCRG and DOX. The intensity of this peak is 
significantly increased in the DOX-hydrogel compared to the individual constituents. The 
increase in intensity is attributed to the electrostatic interaction between the NH3

+ of CH 
and OSO3

- of kCRG chains. A similar interaction is observed at the 1600 cm-1 peak due 
to the C-O and N-H groups of CH and kCRG. The small peaks between 2900 - 2800 
cm-1 and between 900 - 1100 cm-1, represent the characteristic alkane and alkene 
groups in LIM and PF-127, respectively.   

http://etd.uwc.ac.za/



Appendix 

177 
 

Figure 2: FTIR spectra of hydrogel formulation indicating peak similarities to CH, kCRG, 
PF-127, and LIM. 
 
Thermal analysis  
TGA analysis was performed to assess the thermal stability of the hydrogel formulation 
(Figure 3). A two-step degradation process was observed from the TGA thermogram, 
with a mass loss of 20 % in the first step due to the evaporation of water and the volatile 
LIM from the hydrogel network. At 350 °C, the second step occurred with a mass loss of 
30% indicating degradation of the polymers. This degradation at high temperatures 
indicates the extensive crosslinking of the constituents as revealed by FTIR, and high 
stability over a wide temperature range.  
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Figure 3: TGA curves of CH, PF-127, kCRG, LIM (left) and hydrogel formulation(right). 
 
Rheological analysis 
Figure 4 shows the rheological behaviour of the hydrogel as temperature increases. 
Above the LCST (31 °C), PF-127 underwent thermal gelation which increased the 
storage modulus G’ of the hydrogel network to 1400 Pa at 37 °C, while the loss modulus 
G’’ (310 Pa at 37 °C) slightly increased due to aggregation of the hydrophobic 
poly(ethylene oxide) chains of PF-127 [4]. The high storage moduli compared to loss 
moduli with increasing temperature, indicate the elastic nature of the hydrogel. The 
LCST of 31 °C was reached within 3 min and is favourable for the thermoresponsive 
design of an injectable formulation, since the system maintains its liquidity at ambient 
temperature for ease of administration. 
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Figure 4: Shear storage (G’) and shear loss (G”) modulus as a function of temperature 
(4-40 °C) for PF-127-hydrogel. 
 
Compressive strength 
The compressive strength of a system is instrumental in identifying Young’s modulus 
(E), which informs the degree of stiffness of the hydrogel when force is applied 
lengthwise. As shown in Figure 5, E was 0.0526, and the highest force, obtained at a 
distance of 5 mm, was 0.510 N which is within the range of tumourous tissue strength 
(1000 Pa - 7000 Pa) [6]. The high force can be attributed to the elasticity and energy-
storing ability of the hydrogel, as well as the extensive crosslinking between CH and 
kCRG which stabilises the polymer network.  
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Figure 5: Compression graph indicating the peak force and Young’s modulus (E) of 
PF127-hydrogel (0.3% CH, 0.3% kCRG, 15% PF-127, 0.1% LIM) at 37 °C. 
 
Erosion  
For sustained DOX release, the hydrogel should gradually degrade over time. The 
thermosensitive hydrogel eroded very slowly in the first week (2.26% mass loss) due to 
the physical crosslinking of CH and kCRG which enhanced mechanical strength and 
reduced water penetration into the hydrogel network. At 5 weeks, the hydrogel 
underwent 75% erosion, thus, showing capacity for long-term drug release. 
 
Conclusion 
 
A thermosensitive PF-127-based hydrogel was designed with sol-gel transition at 31 °C 
within 3 min. Crosslinking of CH, kCRG, and PF-127 with LIM was successful, 
according to FTIR and thermal analysis. The mechanical and rheological profiles show 
the potential for improved drug accumulation at the tumour site, and the system’s 
erosion of 5 weeks shows potential for long-term drug release. The thermosensitive 
hydrogel could serve as a promising strategy for site-specific drug delivery to tumours 
while reducing side effects. 
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