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Abstract 
 

Formulation of poorly water-soluble drugs without compromising safety and 

therapeutic efficacy is challenging for researchers for years. With the advances in 

technology, currently available drug delivery strategies for hydrophobic drugs are 

based on nanoparticle systems and offer several advantages including increased drug 

absorption, enhanced bioavailability, and fewer side effects. Despite several 

advantages, nanoparticle-based drug delivery systems have certain limitations 

especially instability, immediate drug release owing to their large surface area, limited 

drug encapsulation efficiency, inadequate biocompatibility, non-specific localization, 

and so on. Organogels have gained attention in recent years as potential drug delivery 

systems due to their high bioavailability, no first-pass metabolism, and rapid action. 

Considering this, in the current study an organogel based nanoemulsion was 

developed aiming to effectively deliver hydrophobic drugs via encapsulation within in 

situ gellable organogel droplets, termed as gel-in-water (G/W) nanoemulsion.  

G/W nanoemulsion was prepared using a combination of lipiodol and organogelator 

12-hydroxystearic acid (12-HSA) as inner gel phase; dispersed in water by 

ultrasonication and stabilized with polyoxyethylene hydrogenated castor oil (HCO-60) 

as a surfactant. The fabricated nanoemulsion has monodispersed particles of ~ 206 nm 

in diameter and higher encapsulation efficiency (~97%). The narrow size distribution 

(PDI > 0.3) and higher surface charge of nanogel droplets ensure the stability of G/W 

nanoemulsion over six months at different storage temperatures. Additionally, ~67% 

of drugs released after 48h suggesting a diffusion-controlled drug release from the 

inner gel phase of nanodroplets. The nanoemulsion was found biocompatible to 
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different cell lines including primary rat hepatocytes, fibroblasts, and HUVECs with 

no significant change in live-cell activity as well as in other cellular functions. A 

significant decrease (p< 0.05) in cancer cell growth was found for paclitaxel-loaded 

G/W nanoemulsion to melanoma and lung cancer cells both in vitro and in vivo.  

Similarly, the antitumor efficacy of paclitaxel-loaded G/W nanoemulsion after 

subcutaneous and intravenous administration confirms the feasibility of organogel 

nanodispersion application via various routes of administration. Moreover, this 

organogel nanoemulsion also emerges the possibility to administer as an eye drop with 

enhanced corneal permeability for the treatment of posterior segment eye diseases. All 

the results support the hypothesis that organogel based nanoemulsion can be a 

promising carrier for hydrophobic drugs with better stability, minimal side effects, and 

ease of administration through different routes.  

 



Chapter 1: Overview of thesis 
 

1 
 

Chapter 1: Overview of Thesis 

 

1.1 Introduction 
 

The poor water solubility of drug molecules is one of the major obstacles in the 

development of an effective drug delivery system (DDS) for various routes1. 

Approximately, more than 40% of the marketed drugs are poorly water-soluble and 

the percentage is about is 60% among the upcoming new molecular entities (NMEs) 

synthesized annually by pharmaceutical companies2–4. Poorly soluble drugs result in 

suboptimal dosing and subject to poor bioavailability and decreased therapeutic 

responses which make their formulation difficult or even impossible5. Hence, it is a 

challenge for researchers in both industry and academia to develop a DDS for the 

effective delivery of poorly water-soluble drugs without compromising safety and 

therapeutic efficacy. 

Various strategies have been applied to deal with the poor aqueous solubility 

including chemical modification, particle size reduction, inclusion complexation using 

cyclodextrin, use of lipid carriers, solid dispersion etc6–8. With the advances in 

technology, researchers are progressively turning to nanotechnology-based DDS to 

improve the solubility and bioavailability of hydrophobic drugs9.  

Currently, available drug delivery strategies for hydrophobic drugs based on 

nanoparticle systems like liposomes, polymeric micelles, solid lipid dispersions, 

micro/nanoemulsion offers several advantages. The most featured benefits of these 

DDSs are low drug toxicity, enhanced bioavailability, ease of administration through 

various routes, and higher biocompatibility10. These nanoparticle DDSs are suitable 

for a wide variety of drug entities including proteins and genetic materials. Particle 
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size in the nanoscale range leads to a significant increase in surface area to volume 

ratio along with increased saturation solubility, dissolution velocity, and further 

improved bioavailability3,11,12. Recent developments in hydrophobic drug delivery 

systems include the use of hydrogels and organogels to encapsulate the drug substance 

within the three-dimensional network. Although hydrogels are limited to hydrophilic 

drug delivery, incorporation of hydrophobic moieties or micelles into the hydrogel has 

been studied for poorly water-soluble drug delivery13.  On the other hand, organogels 

exert higher encapsulation of hydrophobic drugs but require further study to ensure 

their biocompatibility and stability. 

Despite a number of advantages, hydrophobic drug delivery through nanoparticle-

based DDSs has certain limitations. Firstly, nanoparticles are subject to instability by 

frequent cluster formation as the surface area to volume ratio and surface energy 

increase with a subsequent decrease in particle diameter to the nanoscale. Particle 

aggregation and flocculation also result from thermodynamic instability of 

nanoparticles and result in increased diameter of the particle with a wide size 

distribution. Nanoemulsions face such problems that need to be stored at a lower 

temperature to achieve better stability for a finite time14,15. Secondly, the existing drug 

delivery causes immediate release of encapsulated drugs owing to their large surface 

area and has limited drug encapsulation efficiency. The use of polymers has been 

found effective in controlled drug release but their untimely elimination from the 

circulating blood is a major drawback15,16. Thirdly, biocompatibility and targeted drug 

delivery are inevitable for a drug carrier. Concerns over cytotoxicity and in vivo 

toxicity have impeded the use of some nanoparticles and may result in both acute 

toxicity and long-term toxicity17,18. Lastly, nanoparticle fabrication methods are both 
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times and cost-consuming and only suitable for the lab-scale synthesis of 

nanoparticles19. 

 

1.2 Aim of the study 
 

In light of these developments and limitations, the current research aims to develop 

an organogel based dispersion as a safe and effective carrier for hydrophobic drugs. 

The main target of this research is to design a nanotechnology-based DDS that will 

deliver poorly water-soluble drugs with high bioavailability, stability and will be 

applicable for the treatment of different diseases and various routes of administration. 

The primary objectives of this research are listed below- 

✓ Design and fabrication of an organogel based emulsified system as a novel 

drug delivery system for poorly water-soluble drugs. 

✓ Characterization of gel-in-water nanoemulsion as a drug delivery system. 

✓ Encapsulation of a hydrophobic anticancer drug (Paclitaxel) in the core phase 

of nanodispersion and evaluate their application for chemotherapeutic agents. 

✓ Administration of nanogel dispersion as a drug carrier via parenteral, 

transdermal, and ocular routes to evaluate possible therapeutic efficacy.    

 

1.3 Originality of the study 
 

Beyond several advantages of currently available nanoparticles, only a few 

nanoparticles are commercially available to deliver hydrophobic drugs. Nanoparticle-

based DDSs especially nanoemulsions offer several advantages like increased 

absorption, higher bioavailability of poorly soluble drugs. But they are prone to 
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instability as the particles tend to agglomerate readily owing to their nanometric size. 

Similarly, burst release of drug and non-specific localization owing to the smaller size 

of <100 nm is of major concern in the development of a drug delivery system17. 

However, nanogels were found effective to overcome such problems of emulsion 

system in some instances as they comprise sustained drug release with active drug 

targeting properties. Nanogels are mainly hydrogel-based polymeric nanoparticles and 

have a higher drug loading capacity. But adverse effects from surfactants or 

monomers used in nanogel, possible interaction between drug and polymer leading to 

collapsed nanogel structure and limited use of nanogels in hydrophobic drug 

delivery20,21.  

  Previous research showed the use of organogels to improve the bioavailability of 

hydrophobic drugs along with a controlled drug release. Organogels are biocompatible 

and biodegradable and have great potential in the pharmaceutical field particularly for 

lipophilic drugs22,23. At the same time, iodinated oil lipiodol was widely used in the 

embolization of hepatocellular carcinoma (HCC) for its drug delivery and tumor-

seeking performance along with its ability to induce transient embolization in tumors 

microcirculation24–26.  

Considering the findings from previous studies, the current study relies on the 

development of a nanogel dispersion for lipophilic drug delivery. It is expected that 

the designed nanogel dispersion will sustain the drug release, ensure enhanced 

permeability and retention (EPR) of nanoparticles on the tumor site and improve the 

stability of nanoemulsion.  

The use of lipiodol as an organic solvent will facilitate site-specific drug action, 

particularly for anticancer drugs. A cross-linked network of organogel will ensure 
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high drug loading efficiency and sustained drug release by diffusion and/or erosion. 

Additionally, scale-up of nanogel dispersion will be possible owing to the use of 

ultrasonication for homogenization. We believe that our oraganogel nanodispersion 

will be a novel approach in the field of pharmaceutical research with its unique 

features and will defeat current limitations. 

 

1.4 Thesis outline 
 

This thesis consists of 7 chapters. The chapters are arranged to achieve the basic 

objectives of this study. A glimpse of the work content of each chapter is given below- 

Chapter 1: The first chapter of the thesis discusses the background and objective of 

this research. This chapter also highlights the novelty of this study and how this study 

was useful over currently available drug delivery systems. 

Chapter 2: This chapter provides a comprehensive review of drug delivery systems. 

It also focuses on the use of organogel in drug delivery systems, application of 

organogel for transdermal, oral, parenteral, and ocular preparations, challenges with 

the use of organogel. 

Chapter 3: In this chapter, a gel-in-water nanoemulsion was developed by 

optimization of oil-water volume ratio, surfactant, and gelling agent concentration. 

Characterization of nanoparticles was performed in this chapter in terms of particle 

size analysis, surface charge determination, pH to evaluate the feasibility of nanogel 

dispersion as a drug delivery system. Rheological analysis of nanoparticles was 

performed to confirm the gel formation in the inner core phase. Also, a stability study 
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was performed for six months at different storage conditions to assess the stability of 

nanoparticles and compared with the conventional oil-in-water nanoemulsion. 

Chapter 4: Chapter 4 describes the applicability of gel-in-water nanoemulsion 

determined by in vitro and in vivo experiments. In vitro biocompatibility study of 

nanogel emulsion to primary rat hepatocytes was explained by different experiments 

including mitochondrial activity, albumin synthesis rate, and liver-specific function 

(CYP1A1) evaluation. In vitro cytotoxicity of Paclitaxel-loaded gel-in-water 

nanoemulsion was examined using skin cancer cell line (B16F10) along with an in 

vivo antitumor efficacy study after subcutaneous injection to tumor-bearing ICR 

mouse. Besides, in vitro cellular uptake of nanoparticles by B16F10 cells suggests the 

possible drug transfer capacity of nanogel particles inside the cytoplasm.  

Chapter 5: This chapter mainly focuses on the potential application of gel-in-water 

nanoemulsion for the intravenous delivery of lipophilic anticancer drugs. 

Immunodeficient mice models (SCID mice) were used to develop ectopic tumors 

using humanized lung cancer cells (A549) followed by intravenous administration of 

paclitaxel-loaded gel-in-water nanoemulsion via the tail vein to assess the antitumor 

efficacy. Cytotoxicity of paclitaxel-loaded gel-in-water nanoemulsion to A549 cells 

was also evaluated in vitro. Besides, in vitro biocompatibility of nanoparticles to mice 

fibroblast (L929) and primary hepatocytes were also evaluated along with kinetic 

evaluation of paclitaxel release mechanism from nanoparticles using the Korsmeyer-

Peppas model and Higuchi model.  

Chapter 6: In chapter six, an attempt was made to develop an organogel based 

nanodispersion using beeswax as an organogelator for topical delivery of hydrophobic 

drugs in the posterior segment of the eye. Experiment results on formulation 
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development and characterization of nanoparticles, in vitro biocompatibility study 

along with in vivo biocompatibility evaluation by ocular irritation test, were described 

in this chapter. In vivo corneal permeability of gel-in-water nanoemulsion as an eye 

drop was assessed in the ICR mouse model to determine the feasibility of organogel 

nanodispersion for ocular drug delivery. 

Chapter 7: Finally, chapter 7 concludes with a summary of key findings in this thesis 

and future studies that can be embraced for further expansion of the current study.   

  

An illustration of this thesis was given in figure 1-1 to explain the thesis structure at a 

glance.  
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Figure 1-1: Schematic outline of the thesis. 
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Chapter 2: Literature Review 

 

2.1 Drug delivery system 
 

A drug delivery system (DDS) is defined as a formulation or device that transports 

a pharmaceutical substance throughout the body1. It acts as an interface between the 

patient and the drug and is intended to exert the therapeutic efficacy of that drug2. 

DDS ensures the safe and effective delivery of a drug in the body by selective release 

of drug to the target site without affecting the healthy cells or tissues3. Moreover, DDS 

helps to achieve optimum bioavailability of drug after administration, improves drug 

stability, reduces drug-associated side effects, improves patient compliance2,4.  

However, the key purpose of DDS is to deliver the active ingredient in a regulated 

way, to a particular site, and to maintain the drug level in the body within the 

therapeutic window4.  

To confirm the effective delivery of drug substance, several drug delivery systems 

has been studied for years. The most common DDSs are tablets, capsules, injectables, 

creams, ointments, suppositories, powders and so on5. The efficacy and potency of a 

drug largely depend on both the physicochemical properties of the drug the 

physiologic conditions of the patient6,7. Among the different physicochemical 

properties of drugs, drug solubility is of major concern during the formulation8,9. With 

the advances in technology, DDS is moving now towards the application of 

nanotechnology to overcome the barriers associated with the therapeutic benefits of a 

drug substance10,11.  
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2.2 Classification of drug 
 

The physical and chemical properties of the drug and its release from a dosage form 

along with the drug action are studied in biopharmaceutics12. This branch of 

pharmaceutical science relates the in vitro characteristics of a DDS to the in vivo 

performance13. To predict the in vivo performance of drugs Amidon et al. and 

Lipinski et al. have been developed a qualitative model named Biopharmaceutics 

Classification System (BCS) based on drug substances solubility and permeability14,15.  

According to BCS, drugs are classified into four groups16–19- 

 

i) Class I- High solubility-high permeability drugs: Drugs included in this class 

show higher absorption and lower excretion. But their bioavailability is 

limited owing to their rapid clearance by the first-pass metabolism. 

Paracetamol, Aspirin, Propanolol, Metoprolol, etc. are examples of Class I 

drugs. 

ii) Class II- Low solubility-high permeability drugs: Class II drugs have poor 

absorption than Class I drugs because of their lack of solubility. The 

bioavailability of these drug products is regulated by the solvation rate. 

Ibuprofen, Ketoprofen, Carbamazepine, Aceclofenac etc. drugs are included 

in this class. 

iii) Class III- High solubility0low permeability: A non-uniform drug absorption is 

observed for drugs of class III. Although the drug dissolves very fast, the 

bioavailability is limited by the intestinal permeation rate. Ranitidine, 

Acyclovir, Chloramphenicol, etc. are examples of Class III drugs. 



Chapter 2: Literature review 
 

15 
 

iv) Class IV- Low solubility-low permeability drugs: Drugs of this class are more 

challenging to deliver via oral route owing to their poor absorption and 

often require an alternate route of administration. Hydrochlorothiazide, 

Ritonavir, and most of the chemotherapeutic agents e.g. Paclitaxel, 

Docetaxel, are members of this class.  

 

2.3 Advances in drug delivery system 
 

Conventional drug delivery systems i.e. tablets, capsules, liquids, injectables often 

cause systemic adverse effects due to their non-specific drug release, poor absorption, 

non-uniform distribution, higher dosage, and frequent administration20–23. Similarly, 

poorly water-soluble drugs are more challenging to deliver through traditional DDS 

and suffer from poor bioavailability issues followed by subtherapeutic activity24,25. 

Research is moving towards the use of advanced technologies in order to overcome 

the limitations of conventional DDSs for the past few decades. The design and 

development of novel drug delivery systems are one of the fastest expanding segments 

in the field of pharmaceutical research22. Sustained drug delivery to the target site, 

enhanced bioavailability, and reduced side effects are the prime rationales for the 

advancement of novel drug delivery systems26–28.   

Among the different types of novel drug delivery systems, nanocarrier-based DDS 

are emerging in recent days particularly for hydrophobic drugs that belong to Class 

IV. Liposomes, niosomes, self-emulsifying nanoparticles, nanoemulsions, polymeric 

nanoparticles, micelles, dendrimers, etc. are studied broadly as DDSs and offer several 

advantages compared to traditional DDSs29,30.  
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2.4 Advantages and limitations of DDS 
 

Nanoparticle-based novel drug delivery systems are widely investigated owing to 

their nanometric size followed leading to higher absorption and bioavailability along 

with safe and effective delivery of therapeutic agents to target cells31. Nanoparticles 

are applicable for both hydrophilic and hydrophobic drugs through various routes with 

high loading capacity for their tunable size, shape, and morphology29,31. Different 

classes of nanoparticles with subclasses are shown in figure 2-1 and their 

characteristics are summarized in Table 2-1 

 

 

Figure 2-1: Classification of nanoparticles with most common subclasses. This image 

is extracted from Mitchell et al32 with permission. 
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Table 2-1: Advantages and limitations of currently available nanoparticles 

Types of 

Nanoparticulate 

Advantages Limitations Ref. 

Polymeric 

nanoparticles or 

organic 

nanoparticles 

(Polymerosome, 

polymeric 

micelles, 

dendrimer, 

nanocapsules, 

nanospheres) 

• Particle sizes range from 20-1000 nm. 

• Suitable for a wide variety of 

therapeutic agents including 

hydrophilic and hydrophobic drugs, 

proteins, genetic materials. 

• Drugs remain encapsulated in the 

inner core phase as dispersed or 

dissolved form. 

• Biodegradable, biocompatible, and 

stable during storage. 

• Increased risk of particle 

aggregation. 

• Requires surface modification to get 

targeted action. 

• Rapid elimination by lymphatic 

drainage and mononuclear 

phagocyte system (MPS) leads to 

subtherapeutic effects. 

• Inadequate toxicological data is 

available, only a few polymeric 

nanoparticles are approved by FDA. 

33–38 

Inorganic 

nanoparticles 

(Silica 

nanoparticles, 

Gold 

nanoparticles, 

quantum dots, 

iron oxide 

nanoparticles) 

• Particles are of 2-100 nm and 

successfully deliver both drugs and 

genes. 

• Inorganic materials e.g. gold, silica, 

iron are used to form the nanoparticle. 

• Can be engineered in a wide variety of 

size, shape, and structures. 

• Inorganic nanoparticles are uniquely 

qualified for applications such as 

diagnostics, imaging, and 

photothermal therapies due to their 

magnetic, radioactive, or plasmonic 

properties. 

• Have good biocompatibility and 

stability. 

• Localized and targeted delivery, 

magnetically or antibody-targeted 

nanoparticles to specific tissue/disease 

sites can be attained. 

• Limited in their clinical application 

by low solubility and toxicity 

concerns, especially in formulations 

using heavy metals. 

 

 

 

32,39–45 

Lipid-based 

nanoparticles 

(Liposome, 

emulsion, 

niosomes, solid-

lipid 

nanoparticles) 

• Nanoparticle size ranges from 10-200 

nm. 

• Non-toxic, higher bioavailability. 

• Have thermodynamic and 

thermokinetic stability. 

• Suitable for both hydrophilic and 

hydrophobic drugs. 

• Can be administered by various 

routes, e.g. oral, topical, parenteral, 

transdermal, and so on. 

• A higher amount of surfactant/ co-

surfactant is required for 

stabilization. 

• Stability is affected by pH and 

temperature. 

• Burst release of the drug due to 

large surface area. 

• Nanoparticles are often susceptible 

to oxidation and Ostwald ripening.  

• Low drug loading capacity. 

46–49 
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2.5 Gels in DDS 
 

Gels are semi-solid structures where a gelling agent immobilizes a solvent in an 

elastic or viscoelastic cross-linked network50. Based on the immobilized solvent gels 

are mainly of two types, where hydrophilic solvents forms hydrogel and organic 

solvents form the organogel51. Hydrogels are used extensively in DDS for their high 

biocompatibility, flexibility, higher swelling tendency, ease of fabrication in different 

shapes52,53. However, hydrogels are not suitable for poorly water-soluble drugs for 

their limited drug loading capacity. Similarly, the high water content and large pore 

size of hydrogels lead to an immediate release of the drug. Clinical application of 

some hydrogels is restricted for their low tensile strength that causes rapid dissolution 

and clearance of the drug from the target site54–56.   

In the last decade, research interest on organogels increased dramatically and the 

functionality of organogels has been studied widely for drug delivery50,51. Previously 

the use of organogels in the pharmaceutical field was limited as most of the organic 

solvents used to form organogel were toxic. Research on the use of more 

biocompatible, biodegradable organic solvents and organogelators emerges the 

platform for their use in DDS that is proved both pharmaceutically acceptable and 

eco-friendly57–59. 

 

2.6 Organogels in DDS 
 

Organogels present fascinating advantages in DDS for their self-assembled 

micro/nanostructure and allows entrapping of a wide variety of drug substances, 

particularly hydrophobic drugs. Thermo-reversible properties of organogels along 

with their three-dimensional network have been explored to release the drug in a 
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controlled manner. At the same time, organogels could deliver drugs via various 

routes like transdermal, oral, ophthalmic, and parenteral administrations57,58. 

 

2.6.1 Organogles in transdermal drug delivery 
 

Organogels represent a promising category of vehicles with excellent 

characteristics to deliver drugs into and beyond the skin layers by percutaneous or 

transdermal routes. Organogels are intrinsic in nature, lipophilic, non-irritating, and 

readily absorb via the lipophilic layers of skin. Hence, organogels have been largely 

developed and studied for the topical administration of pharmaceutical molecules in 

the treatment of various diseases e.g. neuropathy, hormone-dependent cancer, and 

diabetes60–62. 

 

2.6.2 Organogels for parenteral formulations 
 

Organogles have gained attention in parenteral formulations mainly for their in situ 

gel formation characteristics63. The sol-gel transition in the physiologic environment 

after injection prevents burst release of drug and presents a long-term sustained drug 

delivery with higher biocompatibility. Besides, organogels improve drug stability by 

preventing enzymatic degradation after parenteral administration. Studies showed that 

organogels successfully encapsulate various drugs like contraceptive drugs 

(levonorgestrel), drugs used in Alzheimer’s disease (rivastigmine), chemotherapeutic 

agents (doxorubicin), and exert therapeutic efficacy along with sustained drug 

release64–66. 

 



Chapter 2: Literature review 
 

20 
 

2.6.3 Organogels for oral administration 
 

As the safest and convenient route of administration, organogels were designed to 

deliver both hydrophilic and hydrophobic drugs via the oral route. The main 

advantages of organogels are increased bioavailability of poorly water-soluble drugs 

and protection from degradation by gastric enzymes. Drug-loaded organogels result in 

sustained release of drugs with a significant increase in plasma concentration67,68. 

  

2.6.4 Organogels in ocular drug delivery 
 

Ocular drug delivery is challenging owing to the complex anatomy of the eye and 

physiological ocular barriers. A wide range of hydrogel materials has been studied to 

date with various successes and efficiencies69. However, hydrogels are limited for 

hydrophilic drug delivery and have low drug loading capacity and poor bioavailability 

to the posterior segment of the eyes70. Organogels are promising materials to improve 

the long-term release of both hydrophilic and hydrophobic drugs, biocompatibility, 

and drug permeability through the ocular site. Owing to their sustained release 

profiles, organogels are emerging as new delivery systems which might broadly 

improve hydrophobic drug delivery to the anterior and posterior segment of the 

eye50,71. 

 

2.6.5 Limitations of organogels 
 

Beyond several advantages of organogels in DDS, organogels represent some 

inconveniences that impair their pharmaceutical performances. The purity of the 

organogelator along with the choice of organic solvent is of major concern affecting 
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the gel network stability by physicochemical interactions. Organogels are subject to 

instability during storage due to syneresis and require special storage conditions72,73.   

 

2.7 Conclusion 
 

Considering the above-mentioned advances and challenges in DDS, the current 

research aimed to develop an organogel based nanoemulsion as a safe and effective 

drug delivery system for poorly soluble drugs of class II and class IV.  

To achieve such a target, both characteristics of a nanoemulsion and clinical efficacy 

of organogel based nanoemulsion as DDS were considered that is assumed as a 

prerequisite for an ideal DDS.  

At first, a nanoemulsion of particle diameter in 200-300 nm will be developed using 

a biodegradable and biocompatible organogelator. Particles of 200-300 nm in 

diameter will provide enhanced permeability and retention (EPR) effect in the tumor, 

being small enough to pass through the tumor microcirculation and large enough to 

avoid rapid clearance by MPS or p-glycoprotein efflux and non-specific accumulation. 

The nanometric size range of nanoemulsion will be obtained by ultrasonication and 

considered to facilitate absorption of hydrophobic drugs along with higher 

encapsulation efficiency owing to their large surface area. 12-Hydroxystearic acid 

(12-HSA) was selected as an organogelator that can form gel even at a lower 

concentration and lipiodol as an organic solvent which is widely used for their tumor-

seeking nature, transient embolization in tumor microcirculation, and high retention 

time.  Emulsification by ultrasonication is a high-energy method that will help to 

overcome the large scale-up challenge with organogels.     
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Secondly, the stability of organogel nanoemulsion was considered prominently in 

this research as instability of nanoemulsion is a major concern. The size distribution 

will be maintained < 0.3 that will indicate a homogenous preparation with 

monodispersed nanogel droplets. Besides, a higher surface charge of nanoparticles 

will prevent coagulation and flocculation of nanogel droplets followed by enhanced 

stability of nanoemulsion. The stability of nanogel droplets at different storage 

conditions is considered to be attained for the higher melting point of 12-HSA.  

Thirdly, apart from the higher bioavailability and stability of the nanogel emulsion, 

another important matter to focus on is the biocompatibility of nanogel dispersion as a 

drug delivery system since organogels use in the pharmaceutical field is limited for 

their toxic interactions. A small amount of surfactant was used for emulsification in 

order to avoid cytotoxicity related to higher concentrations of surfactant and co-

surfactant mixture used in conventional nanoemulsions. Although both the gelling 

agent and organic solvent used in this study are considered safe and biocompatible, we 

will evaluate the biocompatibility of nanoemulsion both in vitro and in vivo. 

Finally, the efficacy of nanogel dispersion as a DDS for hydrophobic drugs in 

animal models will be evaluated. The applicability of developed organogel based 

nanoemulsion for different routes of administration, especially parenteral and ocular 

administration was assessed. Sustained drug delivery with site-specificity is believed 

to be achieved from this organogel based nanodispersion with minimal side effects 

associated with chemotherapeutic agents.  

To the best of my knowledge, this is the first report on the development of organogel 

nanodispersion as a DDS for hydrophobic drugs using 12-HSA and lipiodol to form 
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the inner core phase. It is presumed that such valuable findings can overcome the 

challenges associated with nanoparticle-based drug delivery systems for the effective 

delivery of hydrophobic drugs.   
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Chapter 3: Innovation and development of an organogel based 

gel-in-water nanodispersion for hydrophobic drug delivery 

 

3.1 Introduction 
 

In the field of pharmaceutical research, the formulation of hydrophobic drugs is 

most challenging because of their poor water solubility1. Different strategies like lipid-

based delivery systems, nanoparticles, crystal engineering (nanocrystal technology, 

co-crystal technology), liquid-solid technology, self-emulsifying solid dispersions, 

and P-efflux inhibition strategies, nanoparticles, etc. have been used as novel drug 

delivery systems for hydrophobic drugs2. Among the most investigated novel drug 

delivery systems, nanoparticle drug delivery system such as liposomes, polymeric 

micelles, polymeric nanoparticles and nanoemulsions (NE) has attracted much 

attention owing to their several advantages3. Because of their smaller particle size and 

higher surface-to-volume ratio, nanoparticles can improve the bioactivity of poorly 

water-soluble drugs4.  

However, all of these drug delivery systems are not beyond limitations. For 

instance, liposomes are lipid-based spherical vesicles of about 200 nm and cause an 

immediate release of drugs for their large surface area and susceptible to oxidation5. 

Polymeric nanoparticles (20 – 1000 nm) have superiority over liposomes in terms of 

physical stability and controlled release. But these nanoparticles require surface 

treatment to escape rapid clearance from circulating blood by the mononuclear 

phagocyte system (MPS). Premature elimination of polymeric nanoparticles often 

leads to inadequate accumulation of particles in the target site for effective drug 
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release6, 7. On the other hand, low structural stability in the bloodstream confined the 

use of polymeric micelles as an in vivo drug carrier. Polymeric micelles are prone to 

dissociation into the unimers upon administration, as they become diluted to a 

concentration below critical micelle concentration8,9. Recently hydrogels are 

extensively studied for hydrophobic drug delivery owing to their high 

biocompatibility and slow drug release10. But hydrogel-based hydrophobic drug 

delivery represents inherent incompatibility because of limited drug loading in the gel 

matrix and unsuccessful drug release owing to poor aqueous solubility11.   

The use of organogels in nanoemulsion to enhance stability and to sustain drug 

release has been reported in recent days12. Organogels have become a choice of 

research interest in drug delivery as organogelator molecules can entrap a large 

volume of organic solvent through their self-assembled fibrous structure13. Organogels 

are biocompatible and biodegradable, which can overcome the risk of toxic residual 

aggregation and assure sustained drug release owing to their remarkable three-

dimensional nano/microstructure14. 12-Hydroxystearic acid (12-HSA) is one of the 

widely used low molecular weight organogelators (LMOG) and forms a three-

dimensional gel structure through intermolecular forces, namely hydrogen bonding 

and π-interactions15. In situ gel formation of 12-HSA organogels in different organic 

solvents has been investigated in recent days for injectable drug delivery systems. 12-

HSA is also known to increase the cellular uptake of nanoparticles owing to their gel 

structure16. All these characteristics make 12-HSA a suitable candidate for 

hydrophobic drug delivery. 
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3.2 Objectives 
 

Considering all the benefits of lipiodol and organogels, the aim was to 

develop an emulsified system with nanogel droplets as a drug delivery system 

for hydrophobic drugs and termed as gel-in water (G/W) nanoemulsion. 

Biodegradable 12-HSA based organogels can encapsulate drugs within it and 

localized site-specific action was expected due to the tumor-seeking nature of 

lipiodol. Besides this, the sol-gel transition property of organogel molecules 

within the body system could ensure the sustained release of the drug along 

with better stability of G/W NE. Several experiments were performed to 

evaluate physicochemical properties of G/W nanoemulsion, to determine the 

optimum concentration of surfactant and gelling agent along with emulsion 

stability assessment. This drug delivery system could be a promising carrier for 

hydrophobic drugs with enhanced solubility and improved bioavailability.  

 

3.3 Materials and methods 
 

3.3.1 Materials and their justification 
 

12-Hydroxydstearic acid (12-HSA, Tokyo Chemical Industry Co., Ltd., 

Tokyo, Japan) of >80% purity was used as a gelling agent for the 

nanoemulsion. Iodinated oil lipiodol (Guerbet Japan Co., Ltd., Tokyo, Japan) 

serves as an organic solvent for organogelator and form the inner gel phase. The 

continuous phase was purified water (Arium 611VF, SARTORIUS 

Mechatronics Japan K.K., Tokyo, Japan) and contains the emulsifier 

polyoxyethylene hydrogenated castor oil (NIKKOL HCO-60, Nippon 
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Surfactant Industries Co., Ltd., Tokyo, Japan).  HCO-60 is a non-ionic and 

hydrophilic surfactant with a hydrophilic-lipophilic balance (HLB) value of 

14.0 and stabilizes the nanoemulsion by reducing the interfacial tension 

between the oil and water phase. As a hydrophobic model drug, paclitaxel of 

>98% purity (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was used. All 

the materials used in NE preparation and related experiments were of analytical 

grade. Table 3-1 represents all the ingredients used in gel in water 

nanoemulsion formulation with their justification- 

 

Table 3-1: List of ingredients for gel-in-water nanoemulsion  

Ingredients name Chemical Structure Justification 

Lipiodol 

 

Organic solvent 

 

12-Hydroxystearic 

acid (12-HSA) 

 Gelling agent 

Polyoxyethylene 

hydrogenated castor 

oil-60 (HCO-60) 

 

Emulsifying agent 

Paclitaxel 

 

Hydrophobic drug 
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3.3.2 Methods 

3.3.2.1 Preformulation study 
 

A suitable concentration of surfactant and gelling agent with optimum 

volumes of oil and water are required for stable NE formulation. Oil and water 

at volume ratios of 1:4, 1:7, 1:10, 1:20and 1:40 were used to obtain nanosized 

particles. Similarly, surfactant at a concentration range of 12.5–200.0 mg/mL in 

water was used to develop a G/W NE formulation with desired particle size and 

distribution. For the gelling agent, a concentration range of 4%–12% (w/w in 

oil) was used. A stable G/W NE formulation was developed with an optimum 

concentration of each ingredient. Particle size analysis was performed by 

dynamic light scattering (DLS) (Malvern Zetasizer NanoZS™, Software 

Version 7.04; Malvern Panalytical, Tokyo, Japan). 

 

3.3.2.2 Formulation of gel-in-water nanoemulsion 
 

Various preparation conditions for NEs and paclitaxel-loaded NEs were 

investigated17,18. Briefly, the oil phase was made by dissolving predetermined 

amounts of 12-HSA in lipiodol at 80 °C for 5 min in a water bath (EYELA 

PRO THERMO SHAKER NTS-2100, Tokyo, Japan) with continuous shaking 

at 100 rpm. The same experimental condition was maintained to make the 

aqueous phase containing HCO-60 as a surfactant in a separate tube. The oil 

phase was then added to the water phase, followed by emulsification through 

ultrasonication (BRANSON SONIFIER 250, Branson Ultrasonics Co., 

Danbury, USA) for 20 minutes with continuous running (1 pulse/sec) and 70% 

power amplitude. The temperature was maintained at 80 °C during 
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emulsification using a water bath (AS ONE THERMAX TM-1A, Osaka, 

Japan). The NE was then cooled down gradually to room temperature to form 

nanogel droplets. To prepare paclitaxel-loaded NEs, paclitaxel was first 

dissolved in lipiodol at a concentration of 2 mg/mL and centrifuged (Centrifuge 

Microtec 1524 R; Eppendorf, ASTEC Co., Ltd., Fukuoka, Japan) at 10000 rpm 

(6160 ×g) for 3 min to precipitate undissolved paclitaxel. The supernatant is 

then added to the predetermined amount of 12-HSA to form the oil phase. The 

rest of the method was the same as the NE preparation. 

 

3.3.2.3 Qualitative analysis of gel-in-water nanoemulsion 

(a) Measurement of particle size and zeta potential 

The average particle size, its distribution (characterized by PDI), and zeta 

potential of the NE were measured by dynamic light scattering (DLS) using a 

laser scattering particle analyzer (Malvern Zetasizer NanoZS™). The 

measurement was performed at 20 °C and a scattering angle of 173°. G/W NE 

was diluted 600 times and 10 times with purified water before measurement of 

particle size and zeta potential, respectively.  

(b) Morphology of G/W nanoemulsion 

The morphology of nanoparticles was observed by using both fluorescent 

microscope and transmission electron microscopy (TEM). Samples for TEM 

images were prepared by dilution of G/W NE (100 times) and 5 µl was placed 

on a carbon-coated copper grid, dried at 25 ⁰C for 10 min, vacuumed for 48 

hours, and finally observed under TEM at 120 kV (TEM, JEOL, JEM-2100). 

Similarly, for fluorescent imaging, G/W NE containing a fluorescent dye 
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Coumarin-6 (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was diluted in 

the same manner (100 times) and 5 µl of the sample was placed in a glass slide 

and observed under the microscope (Inverted Microscope, IX71 Olympus 

Corporation, Tokyo, Japan). 

(c) Determination of pH 

The pH value of the NEs was measured using a calibrated pH meter 

(Sartorius Mechatronics Japan K.K., Tokyo, Japan) at 25 ± 1 °C. As paclitaxel 

injection was reconstituted with 0.9% saline or 5% dextrose solution before 

administration to ensure isotonicity within the body system19, changes in the pH 

of G/W NE after dilution was also checked. Hence, samples were appropriately 

diluted (600 folds) with the continuous phase, i.e., water. We also checked 

changes in the pH of NE with the same dilution factor in the case of phosphate-

buffered saline (PBS) of pH 7.4, 0.9% saline, and 5% dextrose solution. Three 

measurements were performed for each condition. 

(d) Rheological property evaluation 

The rheological property of G/W NE was measured using a rheometer 

(Modular Compact Rheometer: MCR 302; Anton Paar Japan KK, Tokyo, 

Japan) according to the method described by M. Luo et. al20. The prepared NE 

(4 mL) was centrifuged at 15,000 rpm for 30 min to separate the continuous 

phase. The supernatant was removed and the solid residue was placed between 

the parallel plates of 25 mm diameter with a set gap of 100 µm. The thermal 

sensitivity of the nanoemulsion was determined by observing the values of 

storage modulus (G′) and loss modulus (G″) at 37⁰C and 70⁰C by keeping the 

strain and frequency constant at 1% and 1 Hz, respectively.     
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(𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑 –  𝑁𝑜𝑛 𝑖𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑 𝑑𝑟𝑢𝑔)

𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑
× 100 

(e) Determination of encapsulation efficiency (EE) 

To evaluate the encapsulation efficiency (EE) of G/W NE, 1 mL of NE was 

centrifuged at 15,000 rpm for 30 min at 20°C (Centrifuge Microtec 1524 R; 

Eppendorf, ASTEC Co., Ltd., Fukuoka, Japan). Free paclitaxel content was 

determined by measuring the non-incorporated drug present in a clear 

supernatant obtained through the separation of the aqueous phase. To establish 

the linearity of the proposed method, a calibration curve was constructed at six 

concentration levels within the range of 1–20 µg/ mL. These paclitaxel standard 

solutions were prepared using ethanol/PBS (3:7) as a solvent. Least square 

regression analysis was performed for the paclitaxel standard solutions 

absorbance data (y = 0.034x + 0.006, R2 = 0.996).  Beer’s law was obeyed in all 

spectrophotometric analyses. Paclitaxel concentration in this solvent system 

was determined by using a UV/VIS spectrophotometer (UV-2500 PC; 

SHIMADZU, Japan) with detection at 230 nm. The EE percentage (EE%) of 

paclitaxel into NEs was calculated using equation (1)21,22 – 

 

EE% =         (1) 

 

3.3.2.4 Stability study 
 

The physical stability of the G/W NE was determined through the analysis of 

particle size, PDI, zeta potential, and pH. The NEs were stored at the following 

three different temperatures: 4°C, 25°C, and 37°C for 6 months, and samples 

were subsequently tested at different time intervals. A similar stability study 

was performed for oil-in-water (O/W) NEs for comparison. 
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3.3.2.5 Statistical analysis 
 

All test results are presented as mean ± standard deviation. A significant 

difference between the two groups was analyzed using the two-tailed Student’s 

t-test. A p-value of < 0.05 was considered statistically significant. 

 

3.4 Results and discussion 
 

3.4.1 Preformulation study 

The particle size and PDI of G/W NE at different oil-to-water volume ratios, 

surfactant concentrations, and gelling agent concentrations are shown in Figure 

3-1. At the oil-to-water ratio of 1:7, the particle size was in the nanoscale range 

(200–300 nm in diameter), with narrow size distribution (PDI <0.2) (Figure 3-

1(A)). It appeared that the diameter of NE decreased as the aqueous phase 

volume increased. In contrast, a slight increase in PDI value was observed with 

a 20% to 40% increase in water volume. These findings may be explained by 

changes in the viscosity of the emulsion formed during processing. Generally, 

the use of an emulsifier reduces particle size via a reduction of interfacial 

tension, followed by an increase in emulsion viscosity. Such an increase in 

viscosity causes high viscous resistance against the shear force during the 

formation of nanodroplets23. In this study, ultrasonication was applied as 

external energy to form nanoemulsion. When the volume of the aqueous phase 

increases, but the amount of emulsifier and the applied force is kept constant, 

the same amount of energy has to distribute in a large volume during 
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emulsification. This leads to less droplet breakdown and consequently increases 

PDI value.  

Figure 3-1: Changes in the particle size and PDI of G/W nanoemulsion with 

the increasing volume of water and concentration of surfactant and 

organogelator, (A) oil-to-water volume ratio; (B) HCO-60 concentration; (C) 

12-HSA concentration; (D) TEM micrograph of G/W nanoparticle; (E) 

fluorescent image of G/W nanoemulsion. 

 

In case of surfactant concentration, the optimum particle size (200–300 nm) 

with narrow distribution (PDI = < 0.2) was obtained with 25 mg/mL of HCO-60 

(Figure 3-1(B)). It was found that particle size decreased as surfactant 

concentration increased, which might result from a large oil-water interface24. 

Typically, surfactants adsorb on droplet surfaces, decrease the interfacial 
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tension between continuous and dispersed phases and thereby minimize the 

particle size. Hence, a greater amount of surfactant is needed to obtain a smaller 

particle size and to avoid instability of nanoemulsion by aggregation and 

coalescence25.  

However, a higher amount of surfactant increases the PDI value of 

nanoemulsion as it depends on surfactant dynamic property and is affected by 

the kinetics of surface adsorption26.  Our results also showed an increase in 

droplet size distribution (PDI > 0.3) at a higher concentration (200 mg/mL) of 

HCO-60 and limit the stability of G/W NE.  

The effect of gelling agent concentration on particle size and its distribution is 

shown in Figures 3-1(C). The LMOG (12-HSA) forms the organogel owing to 

the intermolecular interactions i.e., H-bond and van der Waals bond, between 

organogelator molecules and the solvent. These intermolecular forces increase 

with the increase in 12-HSA concentration and form a strong gel that requires 

higher force for the gel breakdown27,28.  This may be a possible reason for an 

increase in the PDI of G/W NE when the concentration of 12-HSA increased to 

12% (w/w).  

The morphology and size of organogel nanoparticles in G/W NE were 

observed by fluorescent microscope and TEM (Figure 3-1(D) & (E)). The 

images showed nanosize of particles (~200 nm) and that was similar to DLS 

measurement. 
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3.4.2 Qualitative analysis of gel-in-water nanoemulsion 

3.4.2.1 Particle size, zeta potential, encapsulation efficiency and pH 
 

The results of particle size and its distribution, zeta potential, EE%, and pH 

of G/W NE are presented in Table 3-2. The results showed that our G/W NE 

has a nanosized particle of about 210 nm with narrow size distribution (PDI = 

0.1). The zeta potential of prepared G/W NE was ≈ –25 mV and has a high drug 

loading efficiency of about 97%. The cross-linked gel structure of organogel 

may result in a high drug loading capacity of G/W nanoparticles. The pH of 

prepared NE was acidic (pH = 4) initially while pH became less acidic (5.5 - 

7.4) upon dilution with different solvents. Similarly, no significant change was 

found in any of these parameters in the presence of the hydrophobic drug- 

Paclitaxel.  

Figure 3-2(A) shows the narrow size distribution of nanogel droplets with a 

diameter of <250 nm.  Researchers suggest that particle size plays an important 

role in drug distribution and excretion along with its biocompatibility. It is also 

responsible for the enhanced permeability and retention (EPR) effect upon 

administration within the physiological system29. Nanocarriers with small 

particle sizes show increased drug accumulation in tumor cells because of the 

EPR effect30. Given that the size of nanoparticles in our study was maintained at 

<250 nm, therefore drug accumulation in tumor cells was expected to be 

relatively high. Moreover, these nanodroplets cannot penetrate through the tight 

junction of endothelial cells in healthy tissues owing to their large size. 

Therefore, therapeutic action can be achieved with minimum side effects 

through this drug delivery system.  
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Table 3-2: Physicochemical properties of G/W nanoemulsion. 

 

Safe and effective delivery of nanoparticles to target tissue largely depends 

on their physicochemical properties including particle size distribution. Particle 

size distribution is expressed by polydispersity index (PDI) which describes the 

degree of non-uniformity of the size distribution of particles. Nanoparticles 

should be monodispersed with a PDI value of 0.3 or below for being stable and 

efficient31. In this study, G/W NE has a lower PDI value (<0.3) that indicates 

monodisperse size distribution.   

Zeta potential is the surface charge of particles and a higher charge (> ±30 

mV) indicates better NE stability. However, the use of nonionic surfactants 

generates charged droplets owing to the impurities of H3O+ and OH− ions. These 

surfactants also cause a negative charge of zeta potential in the case of acidic 

NE (pH 3–6) and vice versa32. Results showed that the zeta potential of G/W 

NE was about –25.0 mV (Figure 3-2(B)). Researchers have also suggested that 

when a high-molecular-mass emulsifier is used, zeta potential < ±20 mV may 

also provide enough stability because of steric hindrance, which is in line with 

our results33.  

G/W 

NE 

Particle 

size 

(nm) 

Polydispersity 

index (PDI) 

Zeta 

potential 

(ζ) 

(mV) 

Encapsulation 

efficiency 

(EE%) 

pH 

Water PBS 0.9% 

saline 

5% 

Dextrose 

Drug 

free 

NE 

206 ± 

2.0 

0.1 ± 0.01 -25.2 ± 

1.0 

- 5.9 ± 

0.02 

7.4 

± 

0.01 

6.02 

± 

0.02 

6.4 ± 

0.01 

Drug-

loaded 

NE 

210 ± 

2.0 

0.1 ± 0.02 -23.9 ± 

1.0 

96.8 ± 1.0 5.5 ± 

0.01 

7.2 

± 

0.02 

6.07 

± 

0.02 

6.5 ± 

0.03 
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Figure 3-2: Characterization of G/W nanoemulsion by (A) particle size 

distribution, (B) zeta potential distribution and (C) pH of G/W nanoemulsion 

before and after dilution with water, PBS, 0.9% saline, 5% dextrose. 

 

G/W nanoemulsion was found acidic with a pH of 4.0 which may result 

from the use of 12-HSA that contains 15-35% of fatty acid34. Lipiodol with a 

high content of unsaturated fatty acid may also have an impact on the pH of 

G/W NE. On the other hand, the pH of G/W NE increased and ranging from 5.5 

– 7.4 when diluted with different solvents namely PBS, water, 0.9% saline, and 

5% dextrose (Figure 3-2(C)). The pH of G/W NE upon dilution is close to 
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blood pH and therefore assures the possible biocompatibility of this drug 

delivery system. 

 

3.4.2.2 Rheological property evaluation 
 

The results for rheological analysis are shown in Figures 3-3. As seen from 

the figure, storage modulus (G′) and loss modulus (G″) of G/W nanoemulsion 

increased drastically upon decreasing the temperature from 70 ⁰C to 37 ⁰C, 

indicating the formation of gel35. The changes in the viscoelastic behavior (G′, 

G″) of G/W nanoparticles were negligible at 50 ⁰C compared to 37 ⁰C (data not 

shown).  In contrast, O/W rheological analysis showed no change in the values 

of G´ and G″ upon lowering the temperature (data not shown), indicating that 

O/W has no thermal sensitivity.  

Figure 3-3: Thermal sensitivity of G/W nanoparticles. 
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3.4.3 Stability study 
 

A 6-month long stability study of G/W NE was performed at different storage 

conditions and various parameters were observed during this period. The results are 

shown in Figures 3-4.  The results of the stability study indicate that G/W NE 

remained stable over six months regardless of storage condition. The particle size of 

G/W NE was 202–260 nm during storage for up to 6 months and was not significantly 

affected by the storage temperature (Figure 3-4(A)). The same trend was observed for 

the size distribution. G/W NE was monodispersed during the storage period, with PDI 

values ranging from 0.099–0.200 (Figure 3-4(B)). The presence of a 12-HSA may be 

responsible for the long-term stability of G/W NE as the use of 12-HSA has been 

reported to improve nanoparticle stability36.  

On the contrary, the particle size of O/W NE was higher (> 300 nm) compared to 

the G/W NE and the diameter tends to increase with time. Similarly, O/W NE showed 

wide particle size distribution with PDI >0.3 and varies with time and storage 

conditions. Both the particle size and polydispersity index of O/W NE showed 

variability at different temperatures and relatively increased with time. Besides the 

absence of 12-HSA, particle aggregation by Ostwald ripening may cause such 

instability of O/W NE. Ostwald ripening is proportionally dependent on PDI while 

inversely related to storage temperature. In polydispersed NE, nanodroplets tend to 

form larger droplets through the diffusion of smaller droplets into larger droplets as a 

result of concentration gradient37. Our preparation also showed good stability in terms 

of pH and zeta potential, thereby showing no significant changes in both of these 

parameters over time (Figure 3-4(C) and 3-4(D)).   
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Figure 3-4: Comparative stability study of G/W NE and O/W NE, (A) particle size; 

(B) polydispersity index; (C) pH; (D) zeta potential, blue lines = O/W and red lines = 

G/W. 
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3.5 Conclusion 
 

Organogel based nanoemulsion was developed with a mean diameter of ~200 nm 

and narrow size distribution. The higher negative surface charge of the nanogel 

droplets will help to resolve the stability issues that are a major challenge with 

nanoemulsions. The prepared G/W nanoemulsion showed stability over six months 

with no significant change in particle diameter, size distribution, zeta potential, and 

pH. Additionally, all the physicochemical properties of G/W nanoemulsion remained 

almost the same after the encapsulation of hydrophobic drugs.  Moreover, the pH of 

G/W nanoemulsion is close to blood pH after dilution with saline and 5% dextrose 

solution suggesting the biocompatibility of this carrier within the body system. A 

higher encapsulation efficiency emerges the possibility of G/W nanoemulsion as an 

effective carrier for hydrophobic drugs. 
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Chapter 4: In vitro and in vivo evaluation of gel-in-water 

nanodispersion as a novel drug delivery system 

 

4.1 Introduction 
 

The emerging trend in the drug delivery system is mostly focusing on the effective 

delivery of hydrophobic drugs in recent times. Formulation of hydrophobic drugs 

without compromising safety and efficacy is challenging because of their oil-loving 

nature1. Approximately 40% of approved drugs and 90% of drugs under development 

have shown poor water solubility2. Despite numerous advancements in drug discovery 

and development, hydrophobic drug formulations have shown poor bioavailability and 

subtherapeutic effect until today3. According to Biopharmaceutics Classification 

System (BCS), class IV drugs are characterized with low solubility and low 

permeability and possess plenty of hurdles during formulation4. The need for effective 

delivery of poorly water-soluble drugs has led to adopting newer strategies and 

technologies in drug development in the last few decades5.  

Cancer is one of the worst diseases we are facing today and the number of cancer 

patients is increasing day by day6. Drugs used in cancer therapy have been a key issue 

for several decades as most of the neoplastic drugs are hydrophobic in nature7. In most 

cases, anticancer drugs fail to differentiate between rapidly-growing healthy cells and 

abnormally growing tumorous cells and lead to several adverse effects. Hence, 

targeted therapy with a higher bioavailability and fewer adverse effects is demanding 

for designing chemotherapeutic agents until today8.  
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Nanoemulsion is an important tool and has been studied widely in the nano-

technological field intended for the clinical and therapeutic application of hydrophobic 

drugs9–12. Among different nano-carriers, nanoemulsions are considered efficient drug 

delivery systems for the targeted delivery of lipophilic cytotoxic chemotherapeutic 

agents. Nanometric size, large surface area, ease of preparation, and kinetic stability 

along with higher drug encapsulation, sustained release of drug take the attention of 

researchers for using nanoemulsion as cancer drug carrier13,14.  

Nanoemulsion has become popular as a suitable strategy for cancer drug delivery 

and has been studied for the treatment of several types of cancers like ovarian cancer, 

breast cancer, prostate cancer, melanoma etc15–17. Melanoma is one of the fatal types 

of skin cancer and causes 80% of skin cancer-related deaths. Currently available 

treatment for melanoma exhibits less response and poor therapeutic efficacy of 

anticancer drugs owing to their poor solubility and bioavailability18,19. Therefore 

nanotechnology-based drug delivery systems like nanoemulsions have become 

popular as a vehicle for anticancer drugs. 

  

4.2 Objectives 
 

This chapter aims to determine the functionality of gel-in-water nanoemulsion both 

in vitro and in vivo as a drug delivery system for hydrophobic anticancer drugs. 

Organogels form the core phase of G/W nanoemulsion and capable to encapsulate the 

hydrophobic drug molecules within it as shown in the previous chapter. As a model 

anticancer drug, paclitaxel was used which is also widely used for the treatment of 

melanoma. Since melanoma treatment with paclitaxel is challenging for several 
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reasons including poor water solubility, decreased bioavailability, the inherent 

resistance of melanoma cells to the neoplastic agents, G/W nanoemulsion would be a 

possible solution to overcome these drawbacks. In vitro biocompatibility study of 

G/W nanoemulsion to healthy cells along with in vivo cytotoxicity against melanoma 

cell lines has been discussed in this chapter to define the feasibility of G/W 

nanoemulsion as a carrier for anticancer drugs.  

 

4.3 Materials and methods 

 

4.3.1 Biocompatibility of G/W nanoemulsion 
 

To assess the biocompatibility of the prepared G/W NE in normal cells, 

freshly isolated rat hepatocytes were cultured in the presence of G/W NE for 7 

days, as the liver is a major metabolic organ. 

(a) Isolation of hepatocytes 

Primary hepatocytes were isolated from 6–8-weeks old male Sprague-Dawley rats 

(Japan SLC, Inc., Hamamatsu, Japan). Hepatocytes were prepared using a two-step 

collagenase perfusion method20. The culture medium was the Dulbecco’s modified 

Eagle medium (DMEM, Funakoshi, Tokyo, Japan) supplemented with 0.05 mg/L 

Epidermal Growth Factor (Funakoshi Co., Ltd., Tokyo, Japan), 10 mg/L insulin 

obtained from bovine pancreas (Sigma, Tokyo, Japan), 7.5 mg/L hydrocortisone 

(Sigma, Tokyo, Japan) and 60 mg/L L-proline (Sigma, Tokyo, Japan). This culture 

medium is hereafter referred to as D-HDM21. This protocol was reviewed and 

approved by the Ethics Committee on Animal Experiments of Kyushu University 

(A29-413-1; 29 Jun 2018). 
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(b) Culture of hepatocytes 

Freshly isolated hepatocytes were inoculated in a 96-well cell culture plate 

under standard conditions (37°C, 5% CO2, 95% air) at a seeding density of 2.5 

× 104 cells/cm2. The culture medium was replaced with fresh medium after 4 h 

and 1, 3and 5 days. G/W NE diluted (1000 times) with D-HDM was added to 

the cells after 24 h of seeding and changed at the same intervals as D-HDM.  

(c) Hepatocyte function 

The live-cell activity of hepatocytes was evaluated using highly water-

soluble tetrazolium salt, WST-8 (Cell Counting Kit-8; Dojindo, Kumamoto, 

Japan), and albumin secretion was tested using an enzyme-linked 

immunosorbent assay (ELISA) kit (Protein detector ELISA Kit HRP/ABTS 

System; Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA). To 

measure live-cell activity, cells were incubated with CCK-8 supplemented D-

HDM for 2 hours followed by absorbance measurement at 450 nm by 

spectroscopy. In WST-8 assay, yellow-colored formazan dye is produced via 

the reduction of WST-8 by the activities of cell dehydrogenases. This formazan 

dye is soluble in a cell culture medium and the amount (measured at an 

absorbance of 450 nm by spectroscopy) is directly proportional to the number 

of living cells present. Albumin was measured as per previously described 

methods22. Rat albumin standard and anti-rat albumin antibody were purchased 

from ICN Pharmaceuticals (Aurora, OH, USA). In addition, Ethoxyresorufin-O-

deethylase (EROD) activity - an indicator of CYP1A1 (Cytochrome P450 

family 1 subfamily A member 1) activity was also tested to evaluate the effect 

of G/W on the liver-specific function of hepatocytes. EROD activity was 



Chapter 4: In vitro in vivo evaluation of GW nanodispersion 
 

63 
 

estimated by measuring the intensity of resorufin fluorescence in the medium. 

Briefly, enzyme induction was conducted for 24 h by adding 0.5% (v/v) 3-

methylchloranthrene (Sigma, Tokyo, Japan) to the culture medium. After that, 

the medium was replaced with 10 µM Ethoxyresorufin (Wako, Japan) 

supplemented D-HDM and incubated for 1 h and enzyme activity was assessed 

by measuring the O-dealkylation reaction of ethoxyresorufin using an ARVO 

MX Spectro fluorometer (PerkinElmer, USA)22.  

 

4.3.2 In vitro cytotoxicity against cancer cells 
 

Melanoma cells (cell line B16F10) were purchased from RIKEN 

Bioresource Research Center, Tsukuba, Japan. B16F10 cells were cultured in a 

96-well cell plate at a seeding density of 5 × 103 cells/cm2 using media DMEM 

(Hyclone Laboratories, Utah) supplemented with 10% fetal bovine serum (FBS) 

and penicillin/ streptomycin. Cells were incubated under standard conditions 

(37°C, 5% CO2, 95% air) and treated with paclitaxel-loaded G/W NEs (0.2 

mg/ml) after 24 h of seeding. The live-cell activity of melanoma cells was 

determined by using WST-8 assay in the same manner as described earlier 

(hepatocyte function). 

  

4.3.3 In vitro cellular uptake by cancer cells  
 

To assess the cellular uptake of G/W NE, 0.03% of Coumarin-6 (C-6) was 

incorporated into the organogel particles of the emulsion. B16F10 cells were 

cultured in a 35-mm glass dish at a density of 5 × 103 cells/cm2. Cells were 
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incubated in DMEM containing 10% FBS and antibiotics for 48 h at 37°C with 

5% CO2. Next, the cells were incubated with the prepared G/W NE containing 

C-6 (0.03%) for 1 h at 37°C, washed several times with PBS, fixed with 10% 

neutral formalin buffer (Fujifilm Wako Pure Chemicals, Ltd., Japan), and 

stained with Rhodamine B and Hoechst 33258 for 20 min (Thermo Fisher 

Scientific, Waltham, MA, USA). The cells were then washed several times with 

PBS to remove free dyes. Afterward, the cells were observed under confocal 

laser scanning microscopy (CLSM) (FV1000; Olympus, Tokyo, Japan). 

 

4.3.4 In vivo antitumor efficacy 
 

The in vivo antitumor efficacy of the paclitaxel-loaded G/W (G/W-PTX) 

was assessed by injecting B16F10 melanoma cancer cells into 6-week-old ICR 

male mice. The antitumor efficacy of G/W-PTX was also compared with 

commercially available paclitaxel injection (Taxol®, 30 mg/ 5 ml, Bristol-Myers 

Squibb, Japan). The cells were cultured under a 5% CO2 atmosphere at 37°C in 

DMEM containing 10% (v/v) FBS and penicillin/streptomycin. B16F10 cells 

were treated with a trypsin solution, isolated from the 100-mm culture dish, and 

suspended in DMEM at a concentration of 2 × 106 cells/ mL.  

To transplant the cancer cells into the mice, 0.1 mL of the respective cell 

suspension was subcutaneously injected into the flank of each mouse using a 1-

mL, 26-gauge syringe. At 24 h after injection, accumulation of tumor cells was 

observed beneath the mouse skin. The mice were divided into three groups (n=3 

per group) of similar average tumor size. The groups were treated as follows: 

Group 1 (G1)- untreated (control) group; Group 2 (G2)- treated with Taxol 
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Tumor length  mm  ×   Tumor width  mm  2

2
 

(positive control) and Group 3 (G3)- treated with G/W-PTX. The same volume 

of Taxol and G/W-PTX (0.18 mg/100 µL) was injected into each mouse of 

group G2 and G3, respectively. The formulations were administered directly at 

the tumor site through subcutaneous injection. The administration dosage was 

once after every 48h for 11 days and the mice were sacrificed on day 12.  

To evaluate the anticancer activity of each treatment, changes in tumor size 

were determined three times per week. Tumors were measured with a vernier 

caliper and their size was calculated from the length and width according to 

equation (2)23, 24  

 Tumor volume (mm3) =                    (2)        

 

where width is the shortest diameter and length is the longest diameter. 

 

Bodyweight changes in mice were measured using a precision electronic balance at 2-

day intervals for 11 days. After sacrifice, the tumors were collected and weighed using 

a precision electronic balance. All animals were treated and used according to the 

protocol approved by the Ethics Committee on Animal Experiments of Kyushu 

University (A29-413-1; 29 Jun 2018). 

 

4.3.5 Statistical analysis 
 

All test results are presented as mean ± standard deviation. A significant 

difference between the two groups was analyzed using the two-tailed Student’s 

t-test. A p-value of < 0.05 was considered statistically significant. 
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4.4 Results and discussion 

 

4.4.1 Biocompatibility of G/W nanoemulsion 
 

The biocompatibility study of G/W NE to primary rat hepatocytes is shown in 

figure 4-1. Firstly, hepatocytes morphology was similar in the absence and presence of 

G/W NE up to 7 days as shown in figure 4-1(A) & (B), respectively. Results also 

showed that G/W NE was biocompatible with hepatocytes as the live-cell activity was 

similar for both conditions - cells incubated with D-HDM (G/W (-)) and cells 

incubated with G/W NE containing D-HDM (G/W (+)). Mitochondrial activity of 

hepatocytes was maintained for 1 week without any significant decrease (Figure 4-

1(C)). The same trend was observed for liver-specific functions i.e. metabolic activity 

and albumin synthesis rate. A slight increase in metabolic activity (CYP1A1) was 

found for G/W NE (Figure 4-1(D)). The presence of organogelator 12-HSA in G/W 

NE may be a possible reason for such an increase in CYP1A1 activity. The 

crosslinked structure of organogel and its unsaturated fatty acid content may 

contribute to cell function maintenance25,26. 
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Figure 4-1: Changes in hepatocytes morphology and expression of liver functions, 

(A) hepatocyte morphology without G/W; (B) hepatocyte morphology with G/W; (C) 

live-cell activity of hepatocytes; (D) albumin secretion rate by hepatocytes; (E) 

metabolic activity of hepatocytes; (F) metabolic activity per live cell. Bars represent 

standard deviation, n=3, scale bars = 200 µm. G/W (+) = Cells incubated with G/W 

nanoemulsion, G/W (-) = Cells incubated with D-HDM. 
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On the other hand, albumin synthesis by primary hepatocytes was almost 

parallel for G/W (-) and G/W (+) during 7 days culture period (Figure 1(E)). No 

significant change was observed in the albumin synthesis rate for G/W NE. 

Additionally, CYP1A1 activity per live cell was also alike for both in the 

absence and presence of G/W NE (Figure 1(F)). All these findings revealed the 

biocompatibility of G/W NE, as there were no significant changes in the 

morphology and functionality of primary rat hepatocytes. 

 

4.4.2 In vitro anticancer efficacy 
 

Paclitaxel-loaded G/W NE (G/W-PTX) caused a significant decrease in the 

growth of melanoma cells (B16F10) (Figure 4-2(A)). This result suggests the 

successful entrapment of paclitaxel within organogels and effective drug 

delivery after application. A significant difference in melanoma cell activity 

was observed after 24 h of G/W-PTX administration in comparison with cell 

culture medium (DMEM). Cytotoxicity of G/W-PTX was almost the same as 

the paclitaxel solution in dimethyl sulfoxide (DMSO). Changes in cell 

morphology also ensure cytotoxicity of G/W-PTX against melanoma cells 

(Figure 4-2(B) & (C)). However, further in vivo studies and animal experiments 

are needed to confirm the efficacy of G/W NE as a hydrophobic drug delivery 

system. 
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Figure 4-2: In vitro cytotoxicity of paclitaxel-loaded G/W on melanoma cells, 

(A) live cell activity showing significant cell death; bars represent standard 

deviation, n=3; (B) melanoma cell morphology in the culture medium; (C) 

melanoma cell morphology after treatment with paclitaxel-loaded G/W NE. 

Scale bars = 200 µm. *p < 0.05. 

 

4.4.3 In vitro cellular uptake by cancer cells 
 

In vitro cellular uptake was observed using confocal laser microscopy (CLSM) 

after incubation of melanoma cells with coumarin-6-loaded G/W NE. Cellular uptake 

was confirmed as the cells exhibited green fluorescence and indicated the possible 

sites of coumarin-6 accumulation (Figure 4-3). Cellular internalization of hydrophobic 

C-6 may occur either by passive exchange or by active endocytosis27. The gel 

structure of nanoparticles can enhance cellular uptake via enhancing the 

* 
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internalization of nanoparticles28. Moreover, this high cellular uptake assumes the 

potential for G/W NE to improve the therapeutic efficacy of hydrophobic drugs. 

  

Figure 4-3: In vitro cellular uptake of G/W nanoemulsion observed under CLSM. 

Hoch = Hoechst, Rd = Rhodamine, C-6 = Coumarin-6, CLSM = Confocal laser 

scanning microscopy. Scale bars = 20 µm. 

 

4.4.4 In vivo antitumor efficacy 
 

ICR mice were injected with a bolus dose of G/W-PTX for 11 days and the 

antitumor activity of G/W-PTX was evaluated by measuring tumor volume and tumor 

weight. Tumor growth considerably decreased following G/W-PTX injection, thereby 

showing results that were similar to those observed after Taxol administration (Figure 

4-4(A) and (B)). Conversely, tumor volume increased rapidly in untreated mice during 

the experimental period. Treatment with Taxol often causes hypersensitivity reactions 

and peripheral neuropathy due to the presence of Cremophor EL and thereby requires 

pretreatment with corticosteroids and antihistamines29,30. Since similar antitumor 
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efficacy was attained with paclitaxel-loaded G/W nanoemulsion, it could be a choice 

of carrier for paclitaxel to avoid Cremophor EL-associated side effects. Although 

tumor volume decreased over time after paclitaxel administration, no significant 

change in mice body weight was observed in all cases (Figure 4-4(C)). Therefore, we 

assume that paclitaxel could exert the anti-tumor activity in vivo upon administration 

as G/W NE.  

 

Figure 4-4: In vivo cytotoxicity study, (A) changes in tumor volume over time; (B) 

changes in tumor weight over time; (C) changes in mice body weight. Bars represent 

standard deviation, n=3, *p < 0.05. 
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4.5 Conclusion 
 

In this chapter, an evaluation of the developed G/W nanoemulsion using in 

vitro and in vivo experiments was executed. This G/W nanoemulsion would be 

a novel drug delivery system for a poorly water-soluble drug. This drug 

delivery system was novel in terms of its organogel structure with thermos-

reversible property and stability over a long period. Prepared nanoemulsions 

can effectively encapsulate and deliver hydrophobic drugs at the site of 

application. Physicochemical properties of G/W nanoemulsion were not 

affected by storage temperature. In vitro study showed the biocompatible nature 

of the G/W NE, as it did not affect the mitochondrial and metabolic activities of 

primary rat hepatocytes. Both in vitro and in vivo studies revealed the 

cytotoxicity of PTX-loaded G/W NE against skin cancer. Therefore, the G/W 

nanoemulsion can be a promising carrier for hydrophobic drugs which may 

improve the effectiveness of drug delivery in the body. This nanoemulsion can 

be used in melanoma treatment with fewer side effects and site-specificity.  
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Chapter 5: Gel-in-water nanodispersion for potential application 

in intravenous delivery of anticancer drugs 

 

5.1 Introduction 
 

Nanoemulsions are pharmaceutical formulations that are used as a vehicle for drug 

molecules particularly with poor water solubility1. Nanoemulsions are heterogeneous 

colloidal dispersions comprising particles of nanometer size range and result in high 

solubility, stability, and bioavailability of hydrophobic drugs2. The hydrophobic core 

phase of oil-in-water type nanoemulsion encapsulates the hydrophobic drug and aids 

to raise plasma half-life by avoiding drug degradation within the body system3. 

Drugs used in cancer therapy are challenging to deliver successfully to the target 

site mainly due to low solubility, unspecific toxicity, multidrug resistance etc3. 

Research on nanoemulsion for chemotherapeutic agents has been focused on recent 

days since they possess a large surface area, superficial charge, higher drug loading 

capacity4. Nanoemulsions can easily accumulate in tumor sites because of their 

smaller particle diameter and could provide site-specific action5.  

The burden of cancer incidences and mortality is increasing daily, with a 

subsequent increase in the need for a potential drug delivery system6. Some of the 

widely used anticancer drugs, such as doxorubicin, paclitaxel, and docetaxel, have 

been studied as nanoemulsions7–10, and to date, only a limited number of studies have 

been performed on organogel-based nanoemulsions for anticancer drug delivery. Most 

anticancer drugs are hydrophobic and toxic and exhibit a range of side effects upon 

administration11. The development of an effective carrier for anticancer drugs, notably 
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hydrophobic ones with a higher bioavailability and minimal adverse effects, is an 

emerging demand.  

 

5.2 Objectives 
 

In Chapter 4, gel-in-water (G/W) nanoemulsion was developed as a novel drug 

delivery system, in which 12-HSA successfully encapsulated the hydrophobic drug 

molecules. The G/W nanoemulsion was found to be stable over time, with higher 

encapsulation efficiency. Paclitaxel-loaded G/W nanoemulsions showed antitumor 

efficacy against melanoma cells in vitro and in vivo after subcutaneous injection12. 

This chapter tends to evaluate the potential of G/W nanoemulsions for the intravenous 

delivery of anticancer drugs that will verify site-specific action by nanogel droplets. 

Besides, as nanoemulsions cause the burst release of drugs owing to their increased 

surface area, estimation of the sustained drug release over time from organogel-based 

G/W nanoemulsions was analyzed here in this chapter. Additionally, the 

biocompatibility of G/W nanoemulsions against primary rat hepatocytes and mouse 

fibroblast cells to determine whether any of the G/W components have toxic effects 

on cells was performed. The drug release performance of paclitaxel (anticancer model 

drug)-loaded G/W nanoemulsion was kinetically evaluated, followed by an in vitro 

cytotoxicity study against a human lung cancer cell line (A549). Consequently, 

ectopic xenograft models of lung cancer were developed using A549 cells and severe 

combined immunodeficient (SCID) mice for the in vivo evaluation of paclitaxel-

loaded G/W nanoemulsions. The therapeutic efficacy of paclitaxel-loaded G/W 

nanoemulsions after intravenous injection was assessed to reveal the possibility of 

G/W as an emerging carrier for anticancer drugs. 
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5.3 Materials and methods 

 

5.3.1 Preparation of Paclitaxel-loaded G/W nanoemulsion 
 

Paclitaxel (>98% purity, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was 

used as a model anticancer drug with poor water solubility (0.1 µg/mL in water)13. 

The G/W nanodispersion of paclitaxel was prepared in the same manner as stated 

previously in Chapter 312. In brief, paclitaxel (2 mg/mL) was added to the oil phase, 

which comprised 8% w/v 12-HSA (LMOG) in iodinated (37% w/w) poppyseed oil 

known as Lipiodol (Guerbet Japan Co., Ltd., Tokyo, Japan). The oil phase was 

immediately added to the aqueous phase and emulsified by ultrasonication 

(BRANSON SONIFIER 250, Branson Ultrasonics Co., Danbury, CT, USA) for 20 

min with continuous running (1 pulse/sec) and 70% power amplitude. 

Polyoxyethylene hydrogenated castor oil (NIKKOL HCO-60, Nippon Surfactant 

Industries Co., Ltd., Tokyo, Japan) was used at a concentration of 25 mg/mL to 

stabilize the emulsion. The temperature was maintained at 80 °C during emulsification 

using a water bath (AS ONE THERMAX TM-1A, Osaka, Japan), and paclitaxel-

loaded nanogel droplets were formed upon gradual cooling to room temperature. The 

prepared G/W-PTX was acidic (pH ~ 4.0) and had a mean diameter of 210 nm with a 

narrow size distribution (polydispersity index, PDI = 0.1) and higher encapsulation 

efficiency (~97%). 
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5.3.2 In-vitro biocompatibility study 
 

The biocompatibility of G/W nanoemulsions was assessed using freshly isolated 

rat hepatocytes cultured with G/W nanoemulsions for 7 days. In addition, the in vitro 

biocompatibility of the G/W nanoemulsion was evaluated for the mouse fibroblast cell 

line (L929).  

(a) Isolation of hepatocytes: Primary hepatocytes were isolated from 6–8-weeks old 

male Sprague-Dawley rats (Japan SLC, Inc., Hamamatsu, Japan) using a two-step 

collagenase perfusion method14. The culture medium consisted of Dulbecco’s 

modified Eagle medium (DMEM, Funakoshi, Tokyo, Japan) supplemented with 0.05 

mg/L epidermal growth factor (Funakoshi Co., Ltd., Tokyo, Japan), 10 mg/L insulin 

obtained from bovine pancreas (Sigma, Tokyo, Japan), 7.5 mg/L hydrocortisone 

(Sigma, Tokyo, Japan), and 60 mg/L L-proline (Sigma, Tokyo, Japan). This culture 

medium is hereafter referred to as D-HDM15. This protocol was reviewed and 

approved by the Ethics Committee on Animal Experiments of Kyushu University 

(A29-413-1; 29 June 2018; A10-381: Feb 25, 2020). 

 

(b) Culture of hepatocytes and mouse fibroblast cells: Freshly isolated 

hepatocytes were cultured in D-HDM in a 96-well plate at 37 °C in a 

humidified atmosphere with 5% CO2. Similarly, mouse fibroblast (L929) cells 

were cultured in DMEM (Hyclone Laboratories, Utah) supplemented with 10% 

fetal bovine serum (FBS) under standard conditions (37 °C, 5% CO2, 95% air). 

The seeding densities of primary hepatocytes and L929 cells were 2.5 × 104 

cells/cm2 and 5.0 × 103 cells/cm2, respectively. The cell culture medium was 

used as a control and replaced with a fresh medium at one-day intervals for 7 
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days of the cell culture period. G/W nanoemulsion diluted (1000 times) with the 

respective culture medium (D-HDM/DMEM) was added to the cells 

(hepatocytes/ L929) after 24 h of seeding and replaced with a freshly diluted 

one at the same intervals as the control. 

 

(c) WST-8 analysis: The live-cell activity of the hepatocytes was evaluated 

using a highly water-soluble tetrazolium salt, WST-8 (Cell Counting Kit-8; 

Dojindo, Kumamoto, Japan). Cell dehydrogenases reduce WST-8 to formazan 

dye and change the cell culture medium color to yellow. The amount of 

formazan dye was measured by spectroscopy at 450 nm and was directly 

proportional to the number of living cells present. Therefore, cells were 

incubated with CCK-8 supplemented with the respective culture medium of 

hepatocytes and fibroblasts for 2 h followed by absorbance measurement at 450 

nm using a Multiskan FC Microplate Reader (Thermo Fisher Scientific, Tokyo, 

Japan). The final absorbance used to estimate the live-cell activity was obtained 

by subtracting the background absorbance from the sample absorbance. The 

relative cell viability of the L929 cells in the presence of G/W nanoemulsion 

was calculated from absorbance using the following equation (Equation 1)16: 

   (1) 

 

A sample was considered cytotoxic when the cell viability was <70% in 

comparison to the control, which was considered to have 100% viability16. 
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(d) Cell proliferation assay of L929 cell line: L929 cells were seeded in a 6-

well plate at a density of 3 × 103 cells/cm2 and maintained at 37 °C in a 

humidified 5% CO2 atmosphere. After 24 h of seeding, the cells were treated 

with the G/W nanoemulsion (1000 times dilution) and replaced with fresh 

emulsion in the same interval as the WST-8 assay. The cells were trypsinized 

and counted using trypan blue staining at 48 h intervals over 9 days to evaluate 

the cell proliferation rate. 

 

5.3.3 In vitro drug release from G/W nanodispersion 
 

The in vitro release profile of paclitaxel from a gel-in-water (G/W) nanoemulsion 

was tested by centrifugation as described by Abouelmagd et. al with slight 

modifications17. One milliliter of paclitaxel-loaded G/W nanoemulsion (G/W-PTX) 

was centrifuged (13860 × g) for 30 min to obtain the nanoparticles. Afterward, the 

nanoparticles were suspended in 1 mL of release medium (PBS with 0.1% Tween 80) 

and incubated at 37 ± 0.5 °C with continuous shaking (100 rpm). At predetermined 

time points, the nanoparticle suspension was centrifuged at 10000 rpm or 6160 ×g for 

10 min to separate the nanoparticle pellets and supernatants; 0.8 mL of supernatant 

was collected and replaced with the same volume of the fresh release medium. The 

nanoparticles were resuspended in a fresh medium and incubated with continuous 

agitation. The sampled aliquot was analyzed immediately, and the paclitaxel 

concentration was calculated by measuring the UV absorbance at 230 nm (UV-2500 

PC; Shimadzu, Kyoto, Japan). Paclitaxel standard solutions at six concentration levels 

within the range of 1–20 µg/mL were prepared using ethanol/PBS (3:7) as a solvent. 

Least square regression analysis was performed for the paclitaxel standard solution 
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absorbance data (y = 0.0352x - 0.0141, R2 = 0.99). The percentage of paclitaxel 

released as a function of time was determined using the standard plot of paclitaxel as 

follows (Equation 2)18: 

   (2) 

 

The drug release mechanism was further examined using two different mathematical 

models: the Korsmeyer-Peppas model and the Higuchi model. The Korsmeyer-Peppas 

model is preferred for pharmaceutical polymeric dosage forms. The model describes 

the release mechanism that follows both diffusion and erosion of polymer chains19,20. 

According to the Korsmeyer-Peppas model,  

   (3) 

where Mt is the amount of paclitaxel released at time t, M is the total amount of 

paclitaxel used for the release study, K is the release rate constant incorporating 

structural and geometric characteristics of the drug dosage form, and n is the release 

exponent. K, n, and regression coefficient values were determined by plotting the first 

60% of cumulative drug release i.e. Mt/M against time, t in logarithmic scale in an 

Excel spreadsheet followed by experimental data fitting to estimated data. 

 

The Higuchi model describes the square root of the time-dependent drug release from 

hydrophilic matrices based on Fick’s diffusion law. 

,   (4) 

where KH is the Higuchi dissolution constant. This model mainly depicts diffusion-

controlled drug release. The percentage of paclitaxel released (cumulative) was 
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plotted against the square root of time, and regression coefficient values were 

determined19,20. 

5.3.4 In vitro cellular uptake of nanoparticles 
 

A hydrophobic fluorescent dye, Coumarin-6 (Tokyo Chemical Industry Co., 

Ltd., Tokyo, Japan) was incorporated into the inner gel phase of the G/W 

nanoemulsion. The human lung cancer cell line A549 was used to determine the 

cellular uptake of nanoparticles in vitro. A549 cells were cultured in a 35-mm 

glass dish using D-HDM and 10%FBS DMEM as media at a seeding density of 

5.0 × 103 cells/cm2. The cells were incubated at 37 °C with 5% CO2 for 48 h, 

followed by incubation with Coumarin-6 (0.03%) containing G/W 

nanoemulsion for another 1 h. The cells were subsequently washed several 

times with PBS, fixed with 10% neutral formalin buffer (Fujifilm Wako Pure 

Chemicals, Ltd., Osaka, Japan), and stained with Rhodamine B and Hoechst 

33258 for 20 min (Thermo Fisher Scientific, Waltham, MA, USA). Any free 

dye was removed from the cells by washing with PBS several times before 

microscopic observation. Subsequently, the cells were observed under confocal 

laser scanning microscopy (CLSM; FV1000; Olympus, Tokyo, Japan) to 

determine the cellular uptake of the nanoparticles. 

 

5.3.5 In vitro anticancer effect of G/W nanoemulsion  
 

The in vitro anticancer efficacy of Paclitaxel-loaded G/W nanoemulsion 

(G/W-PTX) was evaluated against two different types of cancer cell lines. 

Human lung cancer cells (A549) were purchased from the RIKEN Bioresource 
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Research Center, Tsukuba, Japan. Both of these cancer cells were cultured in a 

96-well plate at a seeding density of 5 × 103 cells/cm2 in DMEM supplemented 

with 10% fetal bovine serum (FBS) and penicillin/streptomycin as culture 

media. The cells were incubated under standard conditions (37°C, 5% CO2, 

95% air) and treated with G/W-PTX (0.2 mg/ml paclitaxel) after 24 h of 

seeding. The live-cell activity of A549 cells was determined using the WST-8 

assay in the same manner as described earlier.  

    

5.3.6 In vivo antitumor efficacy of paclitaxel-loaded G/W nanoemulsion  

 

5.3.6.1 Development of animal model with lung cancer  
 

(a) Animals: Animal models or xenografts for in vivo anticancer efficacy studies 

were developed using severe combined immunodeficient (SCID) mice (C. B-

17/IcrHsd-Prkdc, Japan SLC Inc. Hamamatsu, Japan) inoculated with the human lung 

cancer cell line (A549). Six-week-old male SCID mice weighing 17–22 g were 

maintained under pathogen-free conditions with a standard diet and water. All animals 

were treated and used according to the protocol approved by the Ethics Committee on 

Animal Experiments of Kyushu University (A29-413-1; 29 June 2018; A10-381: Feb 

25, 2020). 

 

(b) Cell line culture: Human lung cancer cell lines (A549) were maintained in 

DMEM supplemented with 10% FBS and penicillin/streptomycin. The cells were 

cultured in an incubator with a humidified atmosphere of 5% CO2 in air at 37 °C.  
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(c) Preparation of cell suspension for subcutaneous injection: Cancer cells were 

harvested from subconfluent culture dishes by mechanical pipetting. The cells were 

washed with PBS, resuspended in serum-free DMEM, and the floating cells were 

collected after centrifugation at 1000 rpm for 3 min. Trypan blue staining was used to 

assess cell viability, and cell suspensions with >90% confluency were used for 

injection. The cells were resuspended at a density of 1 × 106 cells/100 µL in serum-

free DMEM and diluted with an equal volume of Matrigel (Corning Matrigel Matrix 

Basement Membrane, REF 354234). Matrigel acts as an anchor to prevent the 

spreading and diffusion of cells from the site of injection, as it rapidly forms a gel at 

room temperature or above. Cell suspensions and injection kits were kept on ice until 

injection to avoid the solidification of the Matrigel.  

The animals were anesthetized with isoflurane, and 1 × 106 cells were injected 

subcutaneously into the left flank of the mice using a 1-mL, 26-gauge syringe. Seven 

days after the cell inoculation, the cancer cell lines formed tumors under the mouse 

skin. 

5.3.6.2 Intravenous injection of paclitaxel-loaded G/W nanoemulsion  
 

The mice were divided into three groups (control, Taxol, and G/W-PTX) with 

comparable tumor sizes. The antitumor efficacy of G/W-PTX was also compared with 

commercially available paclitaxel injection (Taxol®, 30 mg/ 5 ml, Bristol-Myers 

Squibb, Japan). The same concentration (0.18 mg/ 100µL PBS) of Taxol and G/W-

PTX were administered via the tail vein to the Taxol group and G/W-PTX group, 

respectively. Whereas PBS was administered intravenously to the mice of a control 

group. The administration dosage was once after every 48 h for 11 days, and the mice 
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Tumor volume  mm³ =
Tumor length  mm  ×   Tumor width  mm  2

2
 

were sacrificed on day 12. To avoid tail vein damage during administration, the 

formulations were administered first from the tip of the tail, and then gradually moved 

upward until the point where the tail vein entered the mouse body.  

 

To evaluate the anticancer activity of each treatment, changes in the tumor size 

were determined three times per week. The tumor dimensions were measured  

using a Vernier caliper, and calculated from the length and width according to 

equation (5)21,22: 

 (5) 

 

where the width and length are the shortest and longest diameters, respectively. 

 

5.3.7 Statistical analysis 
 

All data are reported as the mean ± standard deviation. A significant 

difference between the two groups was analyzed using a two-tailed Student’s t-

test. A two-tailed p-value of less than 0.05 (*p < 0.05) was considered 

statistically significant. 

 

5.4 Results and discussion 

 

5.4.1 In vitro biocompatibility study 
 

The biocompatibility of the G/W nanoemulsions with primary rat hepatocytes and 

mouse fibroblasts (L929) is shown in Figure 5-1. First, there was no noticeable change 
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in the cell morphology during the seven days of cell culture. Hepatocytes cultured 

with G/W supplemented D-HDM (G/W) have a cellular structure similar to that of 

cells cultured with D-HDM (Figure 5-1(A) & (B)). Fibroblasts maintained in G/W-

supplemented media also showed consequent cell growth like fibroblasts cultured with 

media (10% FBS DMEM) only (Figure 5-1(C) & (D)).  

Figure 5-1: Changes in cell morphology at day 1, 3, 5, and 7 days of culture under a 

phase-contrast microscope, (A) hepatocytes morphology incubated with D-HDM; (B) 

hepatocytes morphology incubated with G/W; (C) fibroblasts (L929) morphology 

incubated with DMEM; (D) fibroblasts morphology incubated with G/W. Scale bars = 

200 µm. 
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The biocompatibility of the G/W with primary hepatocytes was ensured by live-

cell activity. Because primary hepatocytes are quiescent and do not undergo cell 

division, they do not proliferate in vitro23. Consequently, maintaining the cell number 

is considered an index. Our results showed that primary hepatocytes maintained 

mitochondrial activity (proportional to WST-8 absorbance) during the culture period, 

even in the presence of G/W nanodispersion, and assured G/W nanodispersion 

biocompatibility to primary hepatocytes (Figure 5-2(A)). No significant change in the 

live cell activity (WST-8 absorbance) was observed for G/W nanoemulsions in 

primary rat hepatocytes. 

However, the biocompatibility of the G/W nanoemulsion to L929 cells was 

evaluated using a cell proliferation assay, as L929 cells could proliferate in vitro. The 

G/W nanoemulsion was found to be biocompatible and supported L929 cell 

proliferation over 9 days (Figure 5-2(B)). The cell proliferation rate for the G/W 

nanoemulsion was almost the same as that of the control group, indicating the 

biocompatibility of the G/W nanoemulsion to mouse fibroblasts. Similarly, G/W 

nanoemulsion had no cytotoxic effect on mouse fibroblasts as the cell viability was ≥ 

90% during the experimental period (Figure 5-2(C)). Based on Cannella et al. 2020, 

L929 cells with a percentage cell viability of < 70% were considered cytotoxic, and 

noncytotoxic when the cell viability was > 70%24. Therefore, our results confirm no 

possible cytotoxicity of G/W nanoemulsions with a cell viability of ≥ 90%. Hence, all 

the above results suggest the biocompatibility of G/W nanoemulsions for both primary 

hepatocytes and mouse fibroblasts. 
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Figure 5-2: In vitro biocompatibility study of G/W nanodispersion, (A) live-cell 

activity of hepatocytes; (B) cell proliferation assay of L929 cell line; (C) relative cell 

viability of L929 cell line incubated with G/W. Bars represent standard deviation, n= 

3.  

 

5.4.2 In vitro drug release from nanodispersion 
 

The release of paclitaxel from the organogel droplets of G/W nanoemulsions is 

shown in Figures 5-3(A). The results showed an initial burst release of paclitaxel from 

the nanoparticles, followed by a constant rate of drug release. Initially, approximately 

20% of the encapsulated paclitaxel was released after 1h. The cumulative amount of 

paclitaxel released was approximately 66% after 48 h. The use of 12-HSA may sustain 
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the release of paclitaxel from nanoparticles. Generally, drug release from organogels 

may occur through diffusion, erosion, or drug dissolution25. The initial burst release of 

paclitaxel (~20%) may be due to the adsorption of drug molecules on the nanoparticle 

surface by weak bonds, while a sustained drug release was obtained for the next 48h, 

which was controlled by erosion or diffusion26. 

 

Figure 5-3: In vitro drug release of paclitaxel from G/W nanodispersion and kinetic 

evaluation of release profile, (A) cumulative release of paclitaxel from nanoparticles; 

(B) paclitaxel release data fitted to Korsmeyer-Peppas model; (C) paclitaxel release 

data fitted to Higuchi model. Bars represent standard deviation, n= 3. 

 

The mechanism of paclitaxel release from the nanogel particles was kinetically 

analyzed using the Korsmeyer-Peppas model (Figure 5-3(B)). Paclitaxel release from 
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the G/W nanoemulsion showed a better linear fit to the Korsmeyer-Peppas model with 

a regression coefficient value of 0.99. The release rate constant (K) was estimated as 

18.5 ± 3.0, and the release exponent, n, was 0.43 on average. When the n value is < 

0.5, it indicates a Fickian diffusion mechanism27. Therefore, drug release from 

nanoparticles occurs primarily via diffusion. Similarly, the fitting of cumulative drug 

release data to the Higuchi model had a regression coefficient value of 0.97, 

suggesting that the release kinetics was diffusion-controlled18 (Figure 5-3(C)). 

 

5.4.3 In vitro cellular uptake by lung cancer cells 
 

The uptake of coumarin-6 loaded G/W nanoemulsion was observed using confocal 

laser scanning microscopy (CLSM). Cellular uptake by lung cancer cells (A549) was 

confirmed as the cells exhibited green fluorescence (Figure 5-4). The image indicates 

the internalization of coumarin-6 within the cytoplasm of A549 cells.  

The cellular uptake of fluorescence molecules encapsulated in organogel particles 

may be driven either by passive exchange or by active endocytosis28. The cross-linked 

gel structure may enhance cellular uptake by enhancing the internalization of 

nanoparticles. Organogels prevent the deformation of nanoparticle structures, resulting 

in reduced membrane fluidity of nanoparticles29,30. Hence, it is presumed that a 

decrease in membrane fluidity of nanogel droplets promotes cellular uptake of 

coumarin-6 loaded nanoparticles. Moreover, this high cellular uptake indicates the 

potential for G/W nanoemulsion as an effective carrier for anticancer drugs. 
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Figure 5-4: 3D reconstruction of confocal analysis of the A549 cells exposed to 

coumarin-6 loaded G/W nanoemulsion. The staining of the cells is as follows: Blue - 

Hoechst-stained nuclei, Red – Rhodamine-stained cytoplasm, Green – Coumatin-6 

loaded G/W nanoemulsion. Scale bar = 20 μm.  

 

 

5.4.4 In vitro anticancer effect against lung cancer cells 
 

The anticancer efficacy of paclitaxel-loaded G/W nanoemulsion (G/W-PTX) was 

determined against lung cancer cells (A549) in vitro. A significant decrease in the live 

cell activity of A549 cells was observed after 24h of G/W-PTX administration (Figure 

5-5(A)). This result suggests the effective delivery of paclitaxel from nanogel 

droplets, resulting in the inhibition of cancer cell growth. The mechanism 

hypothesized for such cytotoxicity is pH-responsive drug release from G/W 

nanoparticles at the cellular level. The intracellular compartments, that is, endosomes 

and lysosomes, became acidic (pH <6.0) owing to ATP-ase-mediated proton influx 

after the endocytosis of foreign particles. This acidic environment promotes cellular 

internalization of nanoparticles, followed by drug release into the cytoplasm31.  
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Additionally, the higher fatty acid (15%–35% stearic acid) content of 12-HSA, and 

the tumor-seeking nature of lipiodol may also aid in the cellular uptake of G/W 

nanoparticles by cancer cells32. The cytotoxicity of G/W-PTX was almost the same as 

that of paclitaxel solution in dimethyl sulfoxide (DMSO). Changes in the cell 

morphology also ensured the cytotoxicity of G/W-PTX against A549 cells (Figure 5-

5(B) and (C)). However, further in vivo studies are required to confirm the efficacy of 

G/W nanoemulsions as carriers for anticancer drugs. 

 

Figure 5-5: In vitro cytotoxicity of paclitaxel-loaded G/W nanoemulsion to lung 

cancer cells (A549), (A) live cell activity of A549 cells; (B) A549 cell morphology 

with DMEM; (C) A549 cell morphology with G/W-PTX. Bars represent standard 

deviation, n= 3, *p < 0.05. Scale bars = 200 µm. 
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5.4.5 In vivo antitumor efficacy of paclitaxel-loaded G/W nanoemulsion 
 

Tumors developed in the SCID mice after 7 days subcutaneous injection of A549 

cells followed by treatment with a bolus dose of G/W-PTX injection for 11 days. The 

antitumor activity of the G/W-PTX nanoemulsion was evaluated by measuring the 

tumor volume and weight. Tumor growth was significantly decreased (*p < 0.05) 

following intravenous injection of G/W-PTX via the tail vein (Figure 5-6(A)). 

Conversely, an increase in tumor volume was observed in mice of the control group 

(mice received an intravenous injection of PBS only) during the experimental period.  

 

Figure 5-6: Anti-tumor efficacy of paclitaxel-loaded G/W nanodispersion after 

intravenous injection on the tail vein, (A) changes in tumor volume over time, (B) 

tumor weight in control and treatment groups. Bars represent standard deviation, n= 5, 

*p < 0.05. 

 

Simultaneously, G/W-PTX-treated mice also showed a decrease in tumor weight 

compared to the control group (Figure 5-6(B)). Antitumor efficacy of G/W-PTX was 

similar to that of mice treated with Taxol®. The acidic nature of the tumor 
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microenvironment (pH 6.5 – 7.2) owing to their enhanced lactic acid production, 

insufficient blood supply, and poor lymphatic drainage enables the release of 

anticancer drugs in the tumor extracellular environment. Studies have also shown that 

paclitaxel release from nanoparticles was improved at a slightly acidic pH31,33.  

 

Therefore, G/W-PTX nanoparticles may take advantage of the acidic pH of the 

tumor microenvironment and prevent the rapid growth of A549 tumors in SCID mice. 

Although the tumor volume decreased over time after paclitaxel administration, no 

significant change in the mice's body weight (20 ± 2 mg) was observed in any of the 

two groups during the experiment (data not shown). Hence, our results suggest that 

the therapeutic efficacy of G/W-PTX could be achieved by intravenous administration 

of G/W nanoemulsion. 

5.5 Conclusion 
 

The current study showed the successful delivery of paclitaxel from organogel-

based nanodispersion (G/W) through intravenous injection. No change in the 

mitochondrial activity of primary hepatocytes and fibroblasts in the presence of G/W 

nanoemulsion ensured biocompatibility. Drug encapsulation within organogels 

enabled sustained release of paclitaxel over time, which may provide several 

advantages including dose reduction, decreased risk of local inflammation, and a 

lower cost of therapy. The cytotoxicity of paclitaxel against A549 cells, both in vitro 

and in vivo, revealed the potential of G/W nanoemulsions to improve the therapeutic 

efficacy of anticancer drugs. Moreover, organogels improve the cellular uptake of 

nanoparticles, which will elevate the cytotoxicity of chemotherapeutic agents. In 
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summary, organogel-based G/W nanodispersion could be a promising carrier for the 

intravenous delivery of anticancer drugs with sustained drug release and enhanced 

therapeutic outcomes. 
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Chapter 6: Delivery of hydrophobic drug to the posterior region 

of eye as gel-in-water nanodispersion 
 

6.1 Introduction 
 

 According to World Health Organization (WHO), about 2.2 billion people in the 

world are suffering from near or distance vision impairment. Vision impairment 

hampers the quality of life along with poses an enormous burden on global finance 

estimated to be US$ 224 billion annually1. The number of patients with ocular 

diseases is increasing day by day as it has a linear relation with patient age2. 

Generally, the eye can be divided into two major segments- the anterior segment and 

the posterior segment. The posterior segment comprises two-thirds of the eye and 

consists of the choroid, the sclera, the retina and the vitreous humor3.  Adult peoples 

mainly suffer from posterior segment eye diseases (PSEDs) which affect the tissues in 

the posterior eye segment including glaucoma, age-related macular degeneration 

(AMD), diabetic retinopathy4,5.  Between two different forms of AMD, wet AMD is 

most common in Japan that emerges abruptly and affects the central part of the retina6. 

In case of wet AMD, abnormal growth of new blood vessels outside of the retina 

causes edema and bleeding in the retina and may lead to various degrees of blindness 

or even permanent loss of sight5.  

Drug delivery to the posterior segment of the eyes is challenging owing to the 

unique structural features of the eye and the physiological ocular barriers7. The 

nasolacrimal drainage, lacrimation rate, tear film, blinking, efflux pumps, and 

metabolism in ocular tissues are common physiological ocular barriers that impede 

drug delivery to both anterior and posterior regions of the eye8. The popular treatment 
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option for AMD, diabetic retinopathy is intravitreal injection where the drug is 

directly placed in the vitreous humor. However, this treatment method is inconvenient 

to the patient for being an invasive route9. Other routes to target the posterior eye 

section include topical, systemic, and periocular drug delivery10. Laser treatment has 

recently become popular for wet AMD and diabetic retinopathy although laser 

treatment causes significant post-treatment complications like retinal detachment, 

rupture of retina, macular edema and fibrose etc11. 

Nanocarriers for ocular drug delivery have gained attention in recent days to 

overcome the limitations associated with currently available treatments of PSEDs12. 

Nanocarriers are distinct particulate systems of nanosize range (10-1000 nm) and 

include liposomes, nanoemulsions, polymeric nanoparticles, etc13. Among these 

nanocarriers, nanoemulsion has been explored as a suitable alternative to the 

conventional options due to their enhanced bioavailability, improved stability, higher 

retention time and so on14. Oil-in-water (O/W) type nanoemulsions are suitable for 

ocular administration due to lesser ocular irritation and better tolerance15. 

Nanoemulsions for ocular drug delivery are mostly aqueous dispersions that can be 

easily formulated as an eye drop or injection. Studies also showed that emulsions 

improve corneal permeability, retards drug release followed by enhanced 

bioavailability16.  Furthermore, the presence of surfactant in nanoemulsion serves as a 

penetration enhancer leading to increased permeability to deep layers of ocular 

structure14,17. 
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6.2 Objectives 
 

In this chapter, an effort was made to develop an effective nanocarrier as a non-

invasive measure for PSEDs treatment. Nanoparticles are successfully employed as an 

alternative strategy for drug delivery to the posterior segment of ocular tissues. 

However, nanoparticles result in immediate drug release owing to their smaller size 

and also cause rapid clearance from the site of administration because of removal by 

conjunctival, periocular circulatory system18,19. Research showed that nanoparticles of 

200-2000 nm could retain in ocular site for a prolonged period and effectively deliver 

drugs to the back of eye19. Hence, the goal was development of a nanogel dispersion 

of < 250 nm in diameter where the organogel will encapsulate the hydrophobic drug 

substance within it. This G/W nanodispersion will be a suitable drug delivery 

candidate with sustained drug release and enhanced ocular retention time. The 

development of G/W nanoemulsion as topical eye drops will be a promising option for 

ocular drug delivery in the posterior eye segment with minimal side effects. Moreover, 

G/W eye drops would be a choice of treatment in PSEDs as eye drops are a patient 

preferred ocular form due to their ease of administration which is noninvasive and 

pain-free in addition to low cost.      

      

6.3 Materials and methods 

 

6.3.1 Preparation of G/W nanoemulsion 
 

The nanoemulsion was prepared in the same manner as described by Fardous et. 

al. with slight modification20. Beeswax was used as an organogelator that dissolves in 
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castor oil (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) above its melting 

point (62 – 65) °C 21 and forms the inner gel phase of the emulsion. On the other hand, 

phosphate buffer saline of pH 7.4 was used as an aqueous phase and contains 

polyoxyethylene hydrogenated castor oil -60 (HCO-60) (NIKKOL HCO-60, Nippon 

Surfactant Industries Co., Ltd., Tokyo, Japan) as the emulsifying agent.  In brief, 

beeswax (5% wt. of oil) was dissolved in castor oil at 80 °C in a water bath with 

continuous shaking (100 rpm) for 5 min and forms the oil phase. Non-ionic surfactant 

HCO-60 was dissolved in PBS at a concentration of 50 mg/ mL in the same 

experimental condition as the oil phase. Afterward, the oil phase was added to the 

aqueous phase immediately and homogenized by ultrasonication. Emulsification was 

performed for 20 min at 80 °C using an ultrasonic probe (BRANSON SONIFIER 250, 

Branson Ultrasonics Co., Danbury, USA) running at 70% power amplitude and 1 

pulse/sec. Here, the ultrasonic waves provide cavitation forces that subsequently form 

nano-size droplets22. The emulsion was cool down slowly to room temperature and 

organogel droplets were formed that remain dispersed in the aqueous phase.    

 

6.3.2 Development of G/W nanoemulsion as an eyedrop 
 

Nanosized particles (diameter < 250 nm) with narrow size distribution which is 

characterized by polydispersity index (PDI) are desired for better stability and 

biocompatibility of the nanoemulsion. The particle diameter and size distribution of 

G/W nanoemulsion changed with changes in oil and aqueous phase volume ratio, 

surfactant concentration, gelling agent concentration. Therefore, a screening study was 

performed by changing the volume or concentration of nanoemulsion components to 

obtain the optimum concentration of each ingredient.  Aqueous phase i.e. PBS volume 
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was increased from 1 to 10 mL corresponding to the oil phase volume to obtain the 

optimum volume ratio of dispersed medium to continuous medium. Similarly, HCO-

60 at a concentration ranging from 25-200 mg/ mL of PBS was used to determine the 

suitable concentration of surfactant for a stable nanoemulsion. For the gelling agent, 

beeswax concentration varied from 1-12% (w/w of oil). Particle size and its 

distribution were determined for each condition by dynamic light scattering (DLS) 

(MALVERN Zetasizer NanoZSTM, Software version 7.04, Malvern Panalytical, 

Tokyo, Japan) at 20 °C and scattering angle 173°. All the samples were diluted 600 

times with the continuous phase before particle size analysis. The optimum 

concentration of surfactant and organogelator including oil to water volume ratio for 

stable nanoemulsion with a mean particle diameter of < 250 nm and narrow size 

distribution (PDI < 0.3) was determined from particle size analysis.  

 

6.3.3 Characterization of G/W eyedrop 
 

(a) Particle size analysis and zeta potential: A dynamic scattering particle analyzer 

(MALVERN Zetasizer NanoZSTM, Software version 7.04, Malvern Panalytical, 

Tokyo, Japan) was employed to monitor the particle diameter and its distribution of 

nanoemulsion. The sample was diluted in the same manner as mentioned before (600 

times with PBS) and three measurements were taken each time. Light scattering was 

monitored at a 173° angle and 20 °C. Zeta potential of prepared nanoemulsion was 

also measured using the same instrument. The sample was diluted 100 times with the 

water before zeta potential measurement.  

(b) Measurement of nanoemulsion pH: pH of the prepared nanoemulsion was 

measured by a calibrated pH meter (SARTORIUS Mechatronics, Japan K.K., Tokyo, 
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Japan) at 25 °C. The 4.0 and 7.0 pH buffer solutions were used for calibration of the 

pH meter.  The samples were repeated in a triplicate manner and mean values were 

calculated. 

(c) Rheological study of G/W nanoemulsion: Viscoelastic behavior of G/W 

nanoemulsion was determined by oscillatory rheometer (Modular Compact 

Rheometer: MCR 302, Anton Paar Japan K.K., Tokyo, Japan) and compared with oil-

in-water (O/W) nanoemulsion. The dynamic viscoelasticity G* was measured that 

representing the modulus of elasticity based on Hooke’s law and the viscosity based 

on Newton’s law. The nanoemulsion was centrifuged at 15000 rpm or 13860 × g for 

20 min to separate the nanoparticles followed by placement of particles between the 

parallel plates of the rheometer. The plate gap was set at 100 µm and measurement 

was performed at 0.1 -100% strain at a constant frequency of 1 Hz. Simultaneously, 

thermal sensitivity of beeswax organogel was also observed by taking measurements 

at 25 °C and 37 °C at constant strain (0.1%) and frequency (1 Hz). 

 

6.3.4 Effect of sterilization on particle size and its distribution 
 

Sterilization is a must for eye drops as they undergo intimate contact with the eye 

tissue. Different sterilization techniques are applied for ophthalmic preparations 

including moist heat sterilization using autoclave, sterile filtration, irradiation with 

ultraviolet (UV) light, gamma irradiation, high hydrostatic pressure sterilization, etc23. 

In this study, we have applied two sterilization methods namely moist heat 

sterilization by autoclave and UV light irradiation to determine the effect of 

sterilization on particle size analysis. G/W nanoemulsion was autoclaved (High-

Pressure Steam Sterilizer LBS 325, TOMY Seiko Co., Ltd., Tokyo, Japan) at 121 °C 
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under a pressure of 1 atm for 15 min followed by particle size analysis. At the same 

time, G/W nanoemulsion was also exposed to UV radiation for 20 min for 

sterilization. Changes in particle size and PDI after autoclaving and UV irradiation 

were determined from particle size analysis by DLS in the same manner as described 

earlier. 

 

6.3.5 In vitro biocompatibility study of G/W nanoemulsion 
 

Biocompatibility of G/W nanoemulsion was tested in vitro using both 

proliferative cells and non-proliferative cells. Human umbilical vein endothelial cells 

(HUVECs) and primary rat hepatocytes were used as proliferative cells and non-

proliferative cells, respectively. Both of these cells are highly susceptible to foreign 

particles and hence we choose these two types of cells for biocompatibility study.  

 

(a) Primary rat hepatocyte isolation: Primary rat hepatocytes were isolated from 6-8 

weeks old male Sprague-Dawley (SD) rats (Japan SLC Inc., Hamamatsu, Japan) of 

160-230 g weight. A two-step collagenase perfusion method was applied for 

hepatocytes isolation and cell viability was ~ 90% according to the trypan blue dye 

exclusion assay. Primary rat hepatocytes were cultured in a serum-free medium 

supplemented with Dulbecco’s Modified Eagle Medium (DMEM; Funakoshi Co., 

Ltd., Tokyo, Japan), 0.05 mg/L Epidermal Growth Factor (Funakoshi Co., Ltd., 

Tokyo, Japan) 10 mg/L insulin obtained from bovine pancreas (Sigma, Tokyo, Japan), 

7.5 mg/L hydrocortisone (Sigma), and 60 mg/L L-proline (Sigma). This culture 

medium was referred to as DHDM. This protocol was reviewed and approved by the 
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Ethics Committee on Animal Experiments of Kyushu University, Japan (A29-413-1; 

29 Jun 2018; A10-381: Feb 25, 2020). 

 

(b) Hepatocytes and HUVEC cell culture for mitochondrial activity: Freshly 

isolated primary rat hepatocytes suspended in DHDM were seeded (2.5 × 104 

cells/cm2) in a collagen-I-C coated 96-well plate. Cells were incubated at 37 °C in a 

humidified atmosphere with 5% CO2 and the medium was replaced at 4h after cell 

inoculation. Similarly, HUVECs (RIKEN Bioresource Research Center, Tsukuba, 

Japan) were cultured in a 96-well plate under standard condition (37 °C, 5% CO2, 

95% air) using Endothelial Growth Medium-2 (EGM-2, LONZA, Walkersville, MD, 

USA) at a seeding density of 2.0 × 104 cells/cm2. Both of the cells were incubated with 

organogel based G/W nanoemulsion of three different concentrations ranging from 0.1 

-10% after 24 h of post-inoculation. Mitochondrial activity of hepatocytes and 

HUVECs in the presence of G/W nanoemulsion was evaluated after 24 h of 

inoculation using Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan). The 

bioavailability of G/W nanoemulsion to these cells was compared with their 

corresponding control (cells incubated with culture medium DHDM/ EGM-2 only). 

The relative cell viability of the HUVECs at different concentrations of G/W 

nanoemulsion was calculated from WST-8 absorbance using the following 

equation (Equation 1)24: 

   (1) 

A sample was considered cytotoxic when the cell viability was <70% in comparison 

to the control, which was considered to have 100% viability. 
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6.3.6 Ocular surface irritation test in vivo 
 

Ocular irritation by G/W nanoemulsion was evaluated using 6 weeks old, male, 

ICR mice (Slc: ICR, Japan SLC Inc., Shizuoka, Japan). Animals were housed in 

standard cages and were provided with a standard pellet diet and water ad libitum for 

24 h. The experimental procedures conform to the Ethics Committee on Animal 

Experiments of Kyushu University, Japan (A29-413-1; 29 Jun 2018; A10-381: Feb 

25, 2020), on the use of animals.  

 

Mice were divided into three groups (3 mice per group) - a) no treatment group or 

negative control, b) mice treated with castor oil or positive control, and c) mice treated 

with G/W nanoemulsion or G/W. In vivo ocular irritation study was performed 

according to the Draize technique25. For the negative control group, 15 µL of saline 

was administered on each eye of mice at 24 h intervals for 6 days. Similarly, mice of 

positive control and G/W groups received the same volume (15 µL on each eye) of 

castor oil and G/W nanoemulsion, respectively for 6 successive days. After 24 h of 

instillation, eyes were examined under general anesthesia during the experimental 

period.  

Ocular irritation scores for every mouse were calculated by adding together the 

irritation scores for the iris, cornea, and conjunctiva and dividing the total score of all 

mice in a group by the number of mice. Furthermore, eyes were stained with 2 µL 

fluorescein (0.5% fluorescein in saline) and examined under a fluorescence 

microscope (IX71, Olympus Corporation, Tokyo, Japan) for possible corneal lesions. 

Ocular irritation was classified according to four grades: practically non-irritating, 

score 0–3; slightly irritating, score 4–8; moderately irritating, score 9–12; and severely 
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irritating (or corrosive), score 13–1626. Mice were also observed for any swelling or 

watering of the eyes.  

 

6.3.7 In vivo permeability study 
 

Eye permeability of G/W nanoemulsion was performed using a hydrophobic 

fluorescent dye Coumarin-6 (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) as a 

model drug that was incorporated in the inner gel phase of G/W nanoemulsion. 6-

weeks old male ICR mice (Slc: ICR, Japan SLC Inc., Shizuoka, Japan) mice were 

used in this study and divided into three groups (n=3). Group A represents negative 

control (no treatment), group B mice were treated with coumarin-6 loaded castor oil 

(positive control), and group C was treated with coumarin-6 (0.03%) loaded G/W 

nanoemulsion (G/W with C-6).  

5 µL of respective emulsion for each condition (group B and C) was carefully 

administered on each eye and kept the eye leads closed for 10 sec to avoid drainage 

out of emulsion. The emulsion was instilled once daily for 5 consecutive days. On day 

6, mice were sacrificed, eyeballs collected after disinfecting the eyeball surrounding 

with 70% ethanol and preserved in 10% neutral formalin buffer (Fujifilm Wako Pure 

Chemicals, Ltd., Japan).  Eyeballs were then embedded in the OCT compound 

(Sakura Finetek USA, Inc., Torrance, USA) and frozen at -80 °C, followed by a cut to 

a thickness of 20 μm using a microtome (LEICA CM 1860 UV, Leica Microsystems 

K.K, Tokyo, Japan).  Eyeball slices were then placed on a glass slide and observed 

under a fluorescence microscope (IX71, Olympus Corporation, Tokyo, Japan). The 

numerical evaluation of fluorescence intensity in the retinal layer of the eye was 

performed using ImageJ software. The relative fluorescence intensity of coumarin-6 
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from castor oil solution and G/W nanoemulsion was calculated considering the 

fluorescence intensity of control as 1.  

 

6.3.8 Statistical analysis 
 

Statistical analysis of results was performed using the two-tailed Student’s t-

test. A p-value of < 0.05 was considered statistically significant. All the results 

are presented as mean ± standard deviation. 

 

6.4 Results and discussion 

 

6.4.1 Determination of optimum concentration of oil to aqueous phase 

volume ratio, surfactant, and gelling agent concentration 
 

The particle size and PDI of G/W nanoemulsion at different oil to aqueous phase 

volume ratios are shown in figure 6-1(A). A subsequent decrease in particle size along 

with their distribution was observed with the increase in PBS volume. Particles have a 

diameter of > 300 nm and wide size distribution (PDI > 0.4) when the relative volume 

of castor oil lies between 33 – 50% of PBS. Further decrease in oil volume leads to the 

formation of monodispersed (PDI < 0.3) nanoparticles with < 300 nm in diameter. 

This may result from changes in the viscosity of emulsion during emulsification. A 

higher extent of castor oil increases the viscosity and causes higher resistance against 

the shear force applied in the form of ultrasonication27. To ensure higher 

bioavailability and permeability of eye drop in the posterior eye segment, 

nanoparticles of < 300 nm with narrow size distribution (PDI < 0.2) are desired28. 
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Therefore, the optimum volume ratio of castor oil to PBS was chosen 1:7 for G/W 

nanoemulsion where the mean particle diameter was ~ 200 nm and PDI was 0.15. 

Therefore, the optimum volume ratio of castor oil to PBS was chosen 1:7 for G/W 

nanoemulsion where the mean particle diameter was ~ 200 nm and PDI was 0.15. 

 

Figure 6-1: Formulation optimization for a stable G/W nanoemulsion, (A) selection 

of oil PBS volume ratio; (B) selection of surfactant concentration; (C) selection of 

organogelator concentration. Bars represent standard deviation, n=3. 

 

Screening results for surfactant concentration showed that particle diameter 

decrease from 360 nm to 150 nm with an increase in surfactant concentration (Figure 

6-1(B)). Surfactants adsorb on the particle surface and reduce the interfacial tension 

between the dispersed phase and continuous phase. An increased amount of surfactant 
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leads to a large oil-water interface, reduced surface tension, and thereby minimizes the 

particle size29,30.  In contrast, a higher concentration of surfactant increases the 

polydispersity index of nanoemulsion. Particle size distribution or PDI largely 

depends on surfactant's dynamic property and is affected by their adsorption kinetics. 

As a result, a greater amount of surfactant leads to higher PDI and affects the stability 

of nanoemulsion31. Our results also showed a fall in PDI value from 0.4 to 0.15 with 

the increase in HCO-60 concentration from 25 mg/mL to 50 mg/mL. While an 

increase in PDI value > 0.2 was observed with a further increase in the concentration 

of HCO-60 ranging from 75 – 200 mg/mL. The optimum surfactant concentration was 

determined 50 mg/mL as nanoparticles with narrow size distribution were found at 

this concentration.  

The effect of beeswax concentration on particle size distribution was shown in 

figure 6-1(C). Results showed an increase in gelling agent concentration has no 

significant effect on particle size and its distribution. The mean particle diameter was 

< 200 nm and the PDI value was ≤ 0.2 for beeswax concentration ranging from 1 – 

12%.  Martins et. al. showed that beeswax can from stable organogel and sustain its 

gel behavior only at a concentration of 4% w/w of oil or higher32. Therefore, beeswax 

was used at a concentration of 5% w/w of castor oil in G/W nanoemulsion. 

Concisely, the optimized formulation for a stable G/W nanoemulsion consists of 50 

mg/mL surfactant, 5% w/w beeswax with an oil aqueous volume ratio of 1:7.  

6.4.2 Characterization of G/W eyedrop 
 

Various physicochemical characteristics of prepared G/W nanoemulsion were 

determined and presented in figure 2.  
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(a) Particle size analysis: Particle size analysis by DLS showed that G/W 

nanoemulsion has nanosized particles of about 200 nm in diameter. The polydispersity 

index value 0.15 – 0.20 indicates homogenous, uniformly sized, spherical vesicles 

(Figure 6-2(A)). Generally, nanoparticles with < 250 nm in diameter are easily taken 

up by the retina via endocytosis33. So, our G/W nanoemulsion could be an effective 

carrier for drug delivery in the posterior eye segment. 

Figure 6-2: Characterization of G/W nanoemulsion, (A) particle size distribution 

analysis by DLS; (B) zeta potential of G/W nanoparticles, n=3. 

 

(b) Zeta potential: Surface charge i.e. zeta-potential of nanodroplets influences 

precorneal residence of emulsion at the ocular surface along with formulation stability 

during storage34. The observed zeta potential value of G/W nanoemulsion was - 8.1 

mV on average (Figure 6-2(B)). According to the classical electrical double layer 

theory, a zeta potential value of about ± 20 mV provides short-term stability, above ± 

30 mV demonstrates good stability, and above ± 60 mV excellent stability. But this is 

valid for low molecular weight surfactants and pure electric stabilization35. High 

molecular weight surfactants stabilize a nanoemulsion by steric hindrance and hence 
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zeta potential value of only ± 20 mV or much lower can provide sufficient stability36. 

Studies also suggest that formation of the shear plane to a far distance from the 

particle surface often leads to reduction in measured zeta potential and emulsions 

showed better stability even at a lower zeta potential37.  HCO-60 is a high molecular 

weight (939.5 g/mol) surfactant used in G/W nanoemulsion and the zeta potential 

value of - 8.1 mV suggests sufficient stability of the nanoemulsion. 

(c) pH: The mean values of the above-mentioned physicochemical properties along 

with the pH of G/W nanoemulsion are given in Table 6-1. The pH of the prepared 

nanoemulsion was about 7.3 and was within the acceptable range of pH for 

ophthalmic preparations (6.07 – 8.45). Eye drops having pH within this range are 

easily buffered by lacrimal fluid and hence avoid ocular irritation, reflex tears, or 

rapid eye blinking34,35. Therefore, G/W nanoemulsion could be administered as an eye 

drop without causing possible irritations on the eye. 

 

Table 6-1: Featured characteristics of G/W nanoemulsion 

Particle diameter PDI Zeta potential pH 

182 ± 1.7 nm 0.17 ± 0.02 - 8.1 ± 0.4 mV 7.3 ± 0.1 

 

(d) Rheological analysis: Dynamic viscoelasticity (G*) of beeswax nanogel particles 

was measured and compared with that of O/W nanoparticles (Figure 6-3(A)). In 

general, organogels are viscoelastic systems, and G* is the most relevant parameter 

for assessing viscoelasticity. It is a quantitative measurement of material stiffness38,39. 

Results showed that G/W nanoemulsion has a higher value of G* compared to O/W 

nanoemulsion suggesting a highly cross-linked microstructure of nanogel particles 
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leading to higher stiffness of gel. Thus, this gel microstructure will enhance the 

corneal retention time of eye drop and will help to maintain the stability of G/W 

nanoemulsion. 

 

Figure 6-3: Rheological analysis of G/W nanoparticles, (A) comparative dynamic 

viscoelasticity of G/W and O/W nanoemulsion; (B) thermal sensitivity of G/W 

nanoparticles. Bars represent standard deviation, n=3, *p < 0.05. 

 

Additionally, the thermal sensitivity of beeswax organogel was confirmed from 

rheological analysis at different temperatures. Gel formation was confirmed as the 

storage modulus (G′) of G/W nanoparticles decreased significantly with an increase in 

temperature from 25 °C to 37 °C (Figure 6-3(B)). Effect of temperature on elastic 

behavior (G′) and viscous behavior (G″) of G/W nanoparticle indicates gel 

formation40. On the other hand, O/W nanoparticles did not show any thermal 

sensitivity as no significant change (data not shown) in G′ and G″ was found with 

temperature changes.  
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6.4.3 Effect of sterilization on the particle size distribution 
 

In order to avoid contamination and disease transmission, ophthalmic 

preparations should be sterilized to remove microorganisms like bacteria, fungi, 

spores. It is important to ensure that sterilization does not cause any degradation to the 

physicochemical properties of the nanoemulsion. Autoclaves based on moist heat 

sterilization and UV irradiation were applied to sterilize G/W nanoemulsion and 

changes in particle size distribution were observed.  

For moist heat sterilization, particle diameter remained unchanged while the PDI 

value increased from 0.2 to 0.4 (Table 6-2). Autoclaving has a destructive influence 

on nanoemulsions containing materials of a melting point lower than 120 °C. The 

increase in temperature (120 °C) and the cooling during autoclaving may lead to 

rearrangements of nanoparticles structure and hence increase the particle size 

distribution41.  

In contrast, sterilization of G/W nanoemulsion using UV light did not cause any 

change in particle size distribution. The particle diameter was found 200 nm PDI 

value of 0.2 after UV irradiation. Therefore, UV irradiation would be an effective 

sterilization technique for preventing bacterial growth in G/W nanoemulsion without 

causing any change in the physicochemical properties of nanogel particles. 
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Table 6-2: Particle size analysis of G/W nanoemulsion before and after sterilization. 

 

Sterilization 

method 

Moist heat sterilization 

(Autoclaving) 

UV irradiation 

Diameter (nm) PDI Diameter (nm) PDI 

Before sterilization 226.0 ± 4.0 0.2 ± 0.01 174.0 ± 3.0 0.2 ± 0.01 

After sterilization 205.0 ± 5.0 0.4 ± 0.02 200.0 ± 2.0 0.2 ± 0.01 

 

6.4.4 In vitro biocompatibility study 
 

Biocompatibility of G/W nanoemulsion to primary rat hepatocytes and HUVECs 

was determined from WST-8 assay. Live cell activity of these cells at different 

concentrations ranging from 0.1 – 10% is shown in figure 6-4.  

There was no significant change in live cell activity of primary rat hepatocytes in 

comparison to control after 24 h of emulsion administration (Figure 6-4(A)). 

Similarly, an increase in the concentration of G/W nanoemulsion from 0.1% to 1% 

has no cytotoxic effect on cell viability. For the dormant nature of hepatocytes, they 

do not undergo cell division in vitro and lose their cuboidal morphology and liver-

specific functions within few days of culture. As a result, maintaining the cell number 

is considered an index for hepatocytes42,43. Our results are in line with them as the 

WST-8 absorbance (proportional to live cell activity) in the presence of G/W 

nanoemulsion was almost similar to that of control.   
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Figure 6-4: In vitro biocompatibility of G/W nanoemulsion at different 

concentrations, (A) live cell activity of primary hepatocytes; (B) live cell activity of 

HUVECs; (C) cell viability of HUVECs in the presence of G/W nanoemulsion. Bars 

represent standard deviation, n = 3. 

 

In case of proliferative cells, G/W nanoemulsion was also found biocompatible 

with HUVECs with no significant decrease in live cell activity (Figure 6-4(B)). The 

relative cell viability after 24 h was ≥ 90% for all the concentration ranges i.e. 0.1%, 

1%, and 10% (v/v) of G/W nanoemulsion (Figure 6-4(C)).  

Additionally, cell morphology of both primary rat hepatocytes and HUVECs 

remains unchanged with the increase in concentration and assures biocompatibility of 

G/W nanoemulsion (Figure 6-5(A) & (B)). Therefore, G/W nanoemulsion was found 

biocompatible to both proliferative and non-proliferative cells in vitro and suggesting 

its feasibility for use as ophthalmic preparations. 
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Figure 6-5: Effect of G/W nanoemulsion on cell morphology at different 

concentrations, (A) hepatocytes morphology; (B) HUVECs morphology. Scale bars = 

200 µm. 

 

6.4.5 Ocular surface irritation test in vivo 
 

The eye irritation probability of G/W nanoemulsion was tested in vivo based on 

corneal lesion scores after G/W nanoemulsion administration and was considered non-

irritating when the score is 0-3.  The total number of lesions of all mice in a group was 

divided by the total number of mice tested to calculate the eye irritation score.  The 

observed eye irritation score for all three groups (control, positive control, and G/W) 

was between 0.71 – 0.98 which implying an excellent ocular tolerance of G/W 

nanoemulsion (Figure 6-6). Moreover, no ocular damage was found on the cornea or 

conjunctiva. Likewise, any swelling or watering of eyes was absent for both control 

and G/W groups. Hence, the results of this study reveal the safety of G/W 

nanoemulsion for ophthalmic application. 
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Figure 6-6: Ocular surface irritation test for G/W nanoemulsion. Scale bars = 50 µm. 

 

6.4.6 In vivo permeability study 
 

Coumarin-6 incorporated in organogel droplets was used to observe in vivo 

permeability of G/W nanoemulsion through the cornea. Results showed a significant 

increase in corneal permeability for G/W nanoemulsion compared to control (Figure 

6-7(A)). The fluorescence intensity of coumarin-6 was significantly higher for G/W 

nanoemulsion than the solution of coumarin-6 in castor oil. Owing to the nanosize and 

high surface area along with the presence of surfactants, G/W nanoparticles may 

overcome the ocular barriers followed by increased permeability to the posterior 

segment of the eye.  

Consistently, the negative surface charge (zeta potential = - 8.1 mV) of nanogel 

droplets may also help to penetrate the nanoparticles to the retina and leads to 

enhanced fluorescence intensity44. The microscopic observation also ensures the 

higher permeability of coumarin-6 loaded G/W nanoemulsion (Figure 6-7(B), (C) & 

(D)).   
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Figure 6-7: In vivo corneal permeability of G/W nanoemulsion, (A) relative 

fluorescence intensity of coumarin-6 in the retinal layer; (B) permeability for control 

group; (C) permeability of coumarin-6 in castor oil; (D) permeability of coumarin-6 

loaded G/W nanoemulsion. Bars represent standard deviation, n=3, *p < 0.05. Scale 

bars = 50 µm. 

 

6.5 Conclusion 
 

The nanoemulsion system containing organogel nanodroplets for topical delivery of 

ophthalmic drugs in PSEDs treatment has been successfully developed in this study. 

Beeswax forms the organogel nanoparticles able to encapsulate hydrophobic drug 

molecules within it and remain dispersed in the aqueous phase by HCO-60. The mean 

particle diameter was ~200 nm with a narrow size distribution (PDI ≤ 0.2) which will 

ensure effective uptake of nanoparticles by retinal cells. Rheological study suggests 
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gel formation via higher dynamic viscoelasticity (G*) along with the thermal 

sensitivity of nanoparticles.  The prepared G/W nanoemulsion showed 

biocompatibility to both primary rat hepatocytes and HUVECs in vitro. Furthermore, 

no ocular irritation was observed upon the instillation of G/W nanoemulsion as an eye 

drop. Besides, the higher permeability of G/W nanoemulsion through the cornea 

assures possible drug delivery to the retina. In a nutshell, the optimized formulation of 

G/W nanoemulsion could be a promising and viable drug delivery system for the non-

invasive treatment of posterior segment eye diseases. 
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Chapter 7: Conclusion 

 

7.1 Concluding remarks 
 

The current study aimed to develop an effective drug delivery system for 

hydrophobic drugs. The emulsion concept is innovative compared to the currently 

available nanotechnology-based DDSs in terms of organogel that encapsulate the drug 

molecules and showed better stability and biocompatibility. A nanogel dispersion as 

novel DDS was successfully developed that emerges the immense possibility of 

effective delivery of poorly soluble drugs. Subsequently, G/W nanodispersion may aid 

to overcome the current challenges of nanoparticle DDSs in many instances. 

In the development stage of nanogel dispersion, 12-HSA and lipiodol were selected 

to form the organogel and remain homogenously dispersed in the aqueous phase by a 

non-ionic surfactant. The nanoemulsion met the basic characteristics of an ideal 

nanoemulsion with a high drug loading capacity. Particle diameter was maintained in 

the range of 200-300 nm with narrow size distribution that can avoid extravasation to 

other organs and rapid clearance from circulating blood and will assure increased drug 

bioavailability. Stability of G/W nanoemulsion over six months independent of 

storage temperature is one of the key findings of this research.  

G/W nanoemulsion was found biocompatible to primary rat hepatocytes and 

fibroblasts with no significant change in cell viability. Additionally, in vitro studies 

indicate no change in liver-specific functions in the presence of G/W nanoemulsion, 

hence indicates biocompatibility of this DDS. In vitro and in vivo cytotoxicity against 
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skin cancer cells confirms the feasibility of G/W nanoemulsion as a hydrophobic drug 

carrier. 

Next, sustained release of encapsulated drug by diffusion mechanism from the 

cross-linked organogel structure was indicated from kinetic evaluation of in vitro drug 

release profile. Anticancer efficacy of paclitaxel against lung cancer cells was 

assessed both in vitro and in vivo upon intravenous administration of G/W 

nanoemulsion and suggests the potential application of nanogel dispersion as an 

intravenous injection. Hence, it is possible to deliver anticancer drugs by G/W 

nanoemulsion as a safe and effective drug carrier.  

Finally, this research work concentrated on ocular drug delivery by using organogel 

nanodispersion as an eye drop since this route is least investigated for organogel based 

DDSs until today. The unique features of G/W nanoemulsion including particle size, 

surface charge, use of non-ionic surfactants and pH will help to deliver the 

hydrophobic drugs to the back of the eye. In vivo permeability of G/W nanoemulsion 

to the retina emerges a new hope for the treatment of posterior segment eye diseases 

in a non-invasive way.  

 

7.2 Future Prospects 
 

Currently, the cellular uptake of nanogel particles and their drug release mechanism 

was assessed in vitro. Further study including flow cytometry, in vivo drug 

accumulation determination by CT scan, may be performed to confirm the application 

of organogel based nanodispersion in lipophilic drug delivery. At the same time, the 

biocompatibility of G/W nanoparticles towards rat hepatocytes and fibroblasts was 
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assessed in vitro. Further investigation on in vivo biocompatibility and 

biocompatibility towards human derived cell lines is necessary.  

Based on the current research, it is considered that this organogel based DDS may 

be applied for a range of poorly soluble drugs of class II and class IV. The 

incorporation of lipophilic drugs of other therapeutic classes in the inner gel phase 

may be a new branch of this research. 

Using the basic concept of this research, this research work could be further 

extended to the development and evaluation of a multiple emulsion for transdermal 

delivery of drugs. This could be an excellent study as an expansion of this current 

research. G/W nanoemulsion will be dispersed in the oil phase and homogenized by 

ultrasonication to form a gel-in-water-in-oil (G/W/O) multiple emulsion. Fabrication 

of G/W/O has been performed initially and monodispersed particles of less than 200 

nm in diameter were obtained. This multiple emulsion could deliver both hydrophilic 

and hydrophobic drugs at a time and will be a promising carrier in DDS by means of 

combinational therapy with minimal side effects.  
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