
BIOPHARMACEUTICAL CLASSIFICATION AND DEVELOPMENT 

OF LIMONENE-BASED SELF-NANOEMULSIFIED CAPSULE 

DOSAGE FORM OF COENZYME QIO 

by 

ANITHA PALAMAKULA, B.S. (Pharm.) 

A DISSERTATION 

E^ 

PHARMACEUTICAL SCIENCES 

Submitted to the Graduate Faculty of 
Texas Tech University Health Sciences Center 

in Partial Fulfillment of the Requirements 
for the Degree of 

DOCTOR OF PHILOSOPHY 

Advisory Committee 

Mansoor A. Khan (Chairperson) 
Fakhrul Ahsan 
Necip Gtiven 
Reza Mehvar 
Afzal Siddiqui 

Accepted 

Dean of the Graduate School of Biomedical Sciences 
Texas Tech University Health Sciences Center 

May, 2004 



Copyright page (To be obtained from Texas Tech) 



ACKNOWLEDGEMENTS 

I would like to express my sincere thanks and profound gratitude to my advisor, 

Dr. Mansoor A. Khan, for his guidance, support and patience. I take this opportunity to 

thank Dr. Afzal Siddiqui, Dr. Reza Mehvar, Dr. Fakhrul Ahsan, and Dr. Necip Guven for 

serving on my committee. A special thanks to Dr. Tom Hale for helping me with the 

human bioavailability studies. 

I appreciate all the graduate students and Angela Bird (summer intern) for their 

cooperation. I wish to acknowledge Nutan, Ehab, Dr. Zhaghloul, Dr. Soliman, Tianzhi, 

Alamdar, Fatima, Nusrat and Rakhi for being very cooperative. My special thanks to 

Dr. Manjinder Kaur, Dr. Beena Thomas and Dr. Raktima Bhattacharya for their support, 

encouragement and for being there when I needed them. Appreciation is extended to the 

Department faculty and staff, especially. Dr. Smith, Dr. Weidanz and Vaughan for their 

technical help, Lynn, Cora, Lisa, Vicki, and Janie for their help. 

I am thankfiil to all the individuals who volunteered for my research project. I also 

wish to acknowledge my seniors. Dr. Vaithiyalingam and Dr. Sunkara for their help and 

guidance. My very special friends, Lanka Sujatha and Krishna Kumari deserve a mention 

here for their love, support and friendship. My profound gratitude is expressed to my 

parents, in-laws, sisters, and brothers for their love, encouragement and support. 

Particularly, I am beholden to my father, Sri. Anjaiah, who set an example of being 

patient, hard-working and cheerfiil, he is a role model for me. 

11 



Finally, I am indebted to my husband, Giri, for his unconditional, unwavering 

constant love. It is indeed his patience, encouragement, support and belief in me that has 

allowed me to complete this work. 

DEDICATION 

To my loving parents, 

Mr. & Mrs. ANJAIAH PALAMAKULA 

My husband, 

GIRI RAJU GOV ADA 

& 

all the other family members 

111 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ii 

ABSTRACT xiv 

LIST OF TABLES xv 

LIST OF FIGURES xvii 

ABBREVIATIONS xxii 

1. Introduction 1 

1.1. Background 1 

1.2. References 11 

CHAPTER 2 20 

2. Biopharmaceutical Classification Scheme 20 

2.1. Introduction 20 

2.2. References 22 

CHAPTER 3 24 

3. Purpose of Study 24 

3. 1. Hypothesis 24 

3. 2. Objectives 24 

3. 3. The Specific Objectives 24 

CHAPTER 4 26 

4. Evaluation of Cytotoxicity of Oils Used In Coenzyme QIO 26 

Self-Emulsifying Drug Delivery Systems (SEDDS) 26 

IV 



4.1. Introduction 26 

4.2. Materials and Methods 28 

4.2.1. Cell Culture 29 

4.2.2. Preparation of Samples 29 

4.2.3. Determination of Particle Size 30 

4.2.4. Effect of Oily Samples on Cell Proliferation 31 

4.2.5. Analysis by WST-1 Assay Method 31 

4.2.6. Propidium Iodide Staining Test 31 

4.2.7. Permeability of '^C-Radiolabeled Mannitol 32 

4.2.8. Analytical Method for Permeability Evaluation 32 

4.2.9. Evaluation of Caco-2 Cell Monolayer Viability by 33 

Measurement of Recovery of TEER 33 

4.2.10. Statistical Analysis 33 

4.3. Results 33 

4.3.1. Effect of Homogenization and Nanoemulsification on 33 

Particle Size of Oily Samples 33 

4.3.2. Effect of Oils on Caco-2 Cell Viability Evaluated by 34 

Using Cell Proliferation Reagent WST-1 Method 34 

4.3.3. Effect of Oily Samples on Caco-2 Cell Monolayer 35 

Determined by Propidium Iodide Staining Method 35 

4.3.4. Permeability of "'C-Radiolabeled Mannitol 35 

4. 3. 5. Evaluation of Caco-2 Cell Monolayer Integrity 36 



by Measurement of TEER 36 

4.4. Discussion 37 

4.5. Conclusions 43 

4.6. References 44 

CHAPTERS 55 

5. Permeability Characteristics of Coenzyme QIO 55 

Across Caco-2 Cell Monolayers 55 

5.1. Inttoduction 55 

5.2. Materials and Methods 57 

5.2.1. Cell Culture 58 

5.2.2. Evaluation of Co-Solvent Systems to Facilitate CoQ 59 

Permeability Screening 59 

5.2.3. Cytotoxicity of Transport Media 59 

5.2.4. Transport Studies 60 

5.2.5. Data Analysis: 61 

5.2.6. Statistical Analysis 61 

5.3. Results 61 

5.3.1. Evaluation of Co-Solvent Systems 61 

5.3.2. Cytotoxicity Evaluation of Transport Medium 62 

5.3.3. Effect of Concenfration on CoQ Transport 62 

5.3.4. Directional Permeability Differences 63 

5.3.5. Temperature Effect 63 

VI 



5.3.6. Competitive Inhibition Studies 63 

5.3.7. Competitive Inhibition Studies with Substrates/Inhibitors 64 

of Known Transporters 64 

5.3.8. Cell Monolayer Integrity 64 

5.4. Discussion 65 

5.5. Conclusions 69 

5.6. References 70 

CHAPTER 6 80 

6. Regional Permeability of Coenzyme QIO using 80 

Isolated Rat Gastrointestinal Tract 80 

6.1. Introduction 80 

6.2. Materials and Methods 82 

6.2.1. Transport Studies Through Intestinal Segments 82 

6.2.2. Data Analysis 83 

6.2.3. Statistical Data Analysis 84 

6.3. Results and Discussion 84 

6.4. Conclusions 87 

6.5. References 88 

CHAPTER 7 93 

7. Preparation And In Vitro Characterization Of Limonene-Based 93 

Coenzyme QIO Self-Nanoemulsified Capsule Dosage Form (SNCDF) 93 

7.1. Introduction 93 

Vll 



7.2. Materials and Methods 94 

7.2.1. Determination of CoQ Solubility inLimonenes 95 

7.2.2. Differential Scanning Colorimetry (DSC) of CoQ and 95 

Binary Systems of CoQ with Limonenes 95 

7.2.3. Fourier Transform-Infrared Spectroscopy (FT-IR) 95 

7.2.4. Powder X-Ray Diffraction Studies 96 

7.2.5. Stability of CoQ in Limonenes 96 

7.2.6. Formulation of the Self-Emulsified Capsule Dosage Forms 

(SNCDF) 96 

7.2.7. Visual Observations 97 

7.2.8. Emulsion Droplet Size Analysis and Turbidity Measurements 97 

7.2.8.1. Droplet Size Analysis 97 

7.2.8.2. Turbidity Measurement 98 

7.2.9. Zeta Potential 98 

7.2.10. Dissolution Studies 98 

7.2.10.1. Flask Method 98 

7.2.10.2. USP Rotating Paddle Method 99 

7.2.11. HPLC Analysis 99 

7.3. Results and Discussion 100 

7.3.1. Determination of CoQ Solubility in Limonenes 100 

7.3.2. Differential Scanning Colorimetry (DSC) of CoQ and 100 

Binary Systems of CoQ with Limonenes 100 

viu 



7.3.3. Fourier Transform-Infrared Spectroscopy (FT-IR) 101 

7.3.4. X -Ray Diffraction Studies 102 

7.3.6. Formulation of the Self-Nanoemulsified Systems 102 

7.3.7. Visual Observafions 104 

7.3.8. Zeta Potential 105 

7.3.9. Dissolution Studies 106 

7.4. Conclusions 107 

7.5. References 108 

CHAPTER 8 124 

8. Response Surface Methodology for Optimization and 124 

Characterization Limonene-based Coenzyme QIO 124 

Self-Nanoemulsified Capsule Dosage Form (SNCDF) 124 

S.l.hitroduction 124 

8. 2. Materials and Methods 126 

8.2.1. Box-Behnken Statistical Design for Optimization of CoQ SNCDF 

126 

8.2.2. Preparation of CoQ SNCDF 127 

8.2.3. In Vitro Evaluation of Designed Formulations of CoQ SNCDF.. 127 

8.2.4. Visual Observations for Spontaneity of Emulsification 127 

8.2.5. Emulsion Droplet Size Analysis 128 

8.2.6. Turbidity Measurements 128 

8.2.7. Zeta Potential Measurement 128 

IX 



8.2.8. Dissolution Studies 129 

8.2.9. HPLC Analysis 129 

8.2.10. Optimization of Formulation Ingredients 130 

8.3. Results and Discussion 130 

8.4. Conclusions I35 

8.5. References I35 

CHAPTER 9 150 

9. Long-Term Stability Studies of Novel Coenzyme QIO 150 

Self-Nanoemulsified Capsule Dosage Form (SNCDF) 150 

9.1. Introduction 150 

9.2. Materials and Methods 153 

9.2.1. Formulation of CoQ Self-Nanoemulsified 153 

Capsule Dosage Form (SNCDF) 153 

9.2.2. Stability Testing 154 

9.2.3. Dissolution Testing to Evaluate the Effect of Storage 154 

Conditions on Drug Release Profile 154 

9.2.4. HPLC Analysis 155 

9.2.5. Effect of Storage Conditions on CoQ 155 

Physicochemical Characteristics 155 

9.2.5.1. Differential Scanning Colorimetry (DSC) of CoQ 155 

9.2.5.2. Fourier Transform-Infrared Spectroscopy (FT-IR) 155 

9.2.5.3. Turbidity Measurement 156 



9.2.5.4. Droplet Size Analysis 156 

9.2.5.5. Zeta Potential Measurement 157 

9.3. Results and Discussion 157 

9.4. Conclusions 162 

9.5. References 163 

CHAPTER 10 183 

10. A Sensitive Hplc Method for Determination of Coenzyme QIO 183 

in Rat Plasma and Relative Bioavailability of 183 

Coenzyme QIO Self-Nanoemulsified Systems in Rats 183 

lO.l.Infroduction 183 

10.2. Materials and Methods 185 

10.2.1. Standard Solutions 186 

10.2.2. Preparation of Test and Control Formulations for 186 

Oral Bioavailability Study 186 

10.2.3. Bioavailability Studies 187 

10.2.4. Sample Preparation 188 

10.2.5. Extraction Efficiency 188 

10.2.6. Chromatography 189 

10.2.7. Assay Validation 189 

10.2.8. Data Analysis 190 

10.2.9. Statistical Analysis 190 

10.3. Results and Discussion 190 

XI 



10.4. Conclusions 194 

10.5. References 195 

CHAPTER 11 205 

11. Relative Oral Bioavailability of Coenzyme QIO 205 

Self-Nanoemulsified Drug Delivery Systems in Human Subjects 205 

11.1. Introduction 205 

11.2. Materials and Methods 206 

11.2.1. Human Subjects 207 

11.2.2. Preparation of Two Novel Self-Nanoemulsified 207 

Drug Delivery Systems 207 

11.2.3. Study Design 208 

11.2.4. Sample Collection and Processing 208 

11.2.5. Plasma CoQ Analysis 210 

11.2.6. Pharmacokinetic Analysis 210 

11.2.7. Statistical Analysis 210 

11.2.8. Safety Assessments 211 

11.3. Results and Discussion 211 

11.4. Conclusions 214 

11.5. References 216 

12. Summary and Conclusions 222 

CHAPTER 13 225 

13. Recommendations for Future Studies 225 

Xll 



ABSTRACT 

Coenzyme QIO (CoQ) is a challenging micronutrient for oral formuladon due to its 

low aqueous solubility and bioavailability. The present dissertation deals with a 

systematic approach to classify CoQ biopharmaceutically according to FDA 

biopharmaceutical classification system (BCS), and to develop a self-nanoemulsified 

capsule dosage form (SNCDF) with chiral limonenes. We have hypothesized that the oral 

bioavailability of CoQ may be enhanced by limonene based SNCDF. 

In vitro transport studies using Caco-2 cells and solubility studies indicated that 

CoQ is moderately permeable and has low solubility. However, CoQ exhibits substantial 

solubility in limonenes. The permeability of CoQ across isolated rat GI segments 

revealed regional differences with maximum absorption through duodenum. Based on 

these results, a limonene based self-nanoemulsified formulation of CoQ was prepared and 

evaluated by in vitro and in vivo methods. Dissolution studies in water have shown CoQ 

release of > 90% within 5 minutes. Thermal analysis showed no significant change in 

CoQ endotherm. FT-IR and X-ray diffraction studies revealed the preservation of CoQ 

structure, indicating no interactions. Particle size, turbidity and zeta potential 

measurements have indicated that R-(+)-limonene provided superior self-nanoemulsified 

formulation of CoQ when compared with S-(-)-limonene. A three-factor, three-level 

optimization design was used to evaluate the effect of critical process variables on the 

drug release characteristics. Mathematical relationships, contour plots and response 

surface methodology were employed with constrained optimization to predict levels of 

factors that provide maximum drug release. The predicted and observed responses were 
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in good agreement. The long term stability of the formulation was ascertained by 

subjecting to various temperature and humidity conditions for 6 months. The results 

indicated no significant effect on turbidity, particle size, zeta potential, DSC, FT-IR and 

total drug release at room temperature. The in vivo performance of CoQ limonene based 

SNCDF and eutectic based self-nanoemulsified drug delivery systems (SNEDDS) was 

evaluated by assessing the pharmacokinetic parameters, Tmax, Cmax, and AUC in rats. The 

oral bioavailability of SNCDF and SNEDDS was found to increase by 650% and 730% 

respectively when compared with CoQ powder (control). Preliminary assessment in 

human volunteers indicated increased tendency of rate and extent and metabolism of 

nanoemulsified preparations as compared to control. 
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CHAPTER 1 

1. Introduction 

1.1. Background 

Coenzyme QIO (CoQ) has been the focus of scientific study for years and has 

become one of the most popular nutritional supplements (Sarter, 2002). Coenzyme QIO 

also knovm as Ubidecarenone, Ubiquinone, QIO, and vitamin QIO is often abbreviated as 

CoQ. This nutraceutical compound has been proposed, to help treat, or possibly even 

prevent, many cardiovascular and neurodegenerative disorders (Beal, 1999). It is reported 

to have implications in heart diseases including arrhythmias (Chung, 2004), hypertension 

(Rosenfeldt et al., 2003), AIDS (Batterham et al., 2001), asthma and other respiratory 

disorders (Gazdik et al., 2002), Parkinson's and Huntington's disease (Beal, 1999), 

certain cancers (Portakal et al., 2000), lung disease, gum disease, chronic fatigue 

syndrome, migraines, and allergies (Overvad et al., 1999; Sarter, 2002). It is believed that 

CoQ improves memory, boost immunity and energy, enhance exercise performance, and 

combat aging (Sarter, 2002). Since the discovery of CoQ, investigative inquiry into its 

clinical value has led to widespread use and substantiation of its benefits to human health. 

Therefore, CoQ is one of the most thoroughly researched nutrients in the market today. 

Even though scientists have learned a lot about CoQ in recent years, the clinical research 

is still in its infancy and hence the claims always arises suspicions. 

CoQ is a naturally occurring essential micronutrient found in every cell of our 

body, especially in mitochondrial membranes. CoQ was first discovered in 1957 by Dr. 

Frederick Crane who isolated it from the mitochondria of cow heart at the Enzyme 



Institute of the University of Wisconsin (Crane, 2001). After its discovery, the compound 

was labeled as ubiquinone as it belongs to a class of compounds called benzoquinones, 

and because of its ubiquitous presence in all living cells of plants, animals and humans 

(Figure 1.1). The existence of ubiquinone is basic to all forms of life, the precise 

chemical structure of CoQ consists of 2, 3 dimethoxy-5 methyl-6 decaprenyl 

benzoquinone (Figure 1.2) and exists in three forms: namely fully oxidized, reduced and 

partially reduced as shown in Figure 1.3 (Hobara et al., 1988). In humans, it is found 

especially in the heart, liver, and kidneys. It is also found in animals, bacteria and yeast. 

It occurs as plastoquinone in the chlorophyll of plants and as menaquinone in bacteria. 

Many analogs of ubiquinone exist (C0Q10-C0Q12), but CoQio is the most important in 

human biochemistry, whereas CoQe, C0Q7 and CoQg are the more common forms in 

bacteria and yeast. C0Q9 is abundant in rats and mice (Overvad et al., 1999). CoQ plays a 

crucial role in producing cell energy, acts as a powerful antioxidant, helps neutralize cell-

damaging molecules called free radicals, and is documented to be beneficial in disease 

states due to its membrane stabilizing effect as well. Manufactured by all cells in the 

body, the biosynthesis of CoQ from the amino acid tyrosine is a multistage process 

requiring at least eight vitamins and several trace elements as coenzymes, which are 

tetrahydrobiopterin, vitamins B2, B6, B12, C, folic acid, niacin and pantothenic acid. 

Coenzymes are cofactors upon which the comparatively large and complex enzymes 

absolutely depend for their function. CoQ is found to be essential for at least three 

mitochondrial enzymes (complexes I, II and III) as well as enzymes in other parts of the 

cell, so tiie name coenzyme was given (Folkers, 1996). CoQ is also found in dietary 



source in small amounts, notably meat and fish. CoQ deficiency can be caused by the 

body's inability to synthesize sufficient nutrients. The need of supplementation could also 

arise due to increased demand for this substance. Low blood levels are often associated 

with poor heart fiinction and increase in age and may be associated with other adverse 

effects in the body and appear more commonly in older people. The average diet provides 

only 1 mg per day. The recommended dosage is 30 to 100 mg daily. For certain 

individuals, higher dosage may be required, and in certain disease conditions a dose of 

1200 mg is also found to be tolerated. CoQ appears to absorb best with meals. An 

abundance of data considers the uptake and tissue distribution of CoQ in animal models 

such as rat and rabbits (Alessandri et al., 1988; Scalori et al., 1988; Grieb et al., 1997). ft 

was found that CoQ is absorbed without conversion primarily through the lymphatic 

system after oral administration and the partial metabolic steps are shown in Figure 1.4 

and 1.5. The distribution of CoQ, 4 hours after oral administration in rats, was shown to 

be particularly high in tissues having high metabolic activity which include the lungs, 

heart, testes, liver and kidney. The distribution pattern of CoQ is consistent in humans as 

well Mith minor differences in peak plasma levels upon supplementation. Peak serum 

concentrations of CoQ in humans were reached at approximately 6 hours after ingestion 

of supplements. Historically, the most promising vehicle for CoQ absorption has been the 

use of a lipophilic medium such as natural oils including soybean oil (Chopra et al., 

1998) or rice bran oil. 

The increased awareness of the need to deliver medication to patients efficiently 

with fewer side effects and improved compliance has accelerated the pace of invention of 



new drug delivery systems. These drug delivery technologies may improve the efficacy 

of a drug. However, safety of such formulations as well as individual components needs 

to be evaluated. While medication can be delivered through various delivery systems, 

oral adminisfration has been one the most preferred route for decades. For any orally 

administered drug product, the primary parameters controlling the drug absorption rate 

and extent include its aqueous solubility and gastrointestinal permeability (Yu et al., 

2002). The biopharmaceutical drug classification scheme (BCS) categorizes drugs into 

four classes according to their solubility and permeability. BCS has been a useful guide 

for recognizing the importance of dissolution tests design for efficient evaluation of oral 

dosage forms (Dressman et al., 1998) and for defining the most suitable tests for ensuring 

in vivo bioequivalence (Galia et al., 1998). The food and drug administration (FDA) has 

implemented the BCS system to allow waiver of m vivo bioavailability and 

bioequivalence testing for immediate-release dosage forms that belong to Class 1 (high-

solubility, high-permeability drugs). The importance of BCS system and strategies of 

classifying drugs in BCS are discussed in chapter 2. Also, different in vitro studies to 

estimate dose to solubility ratio, apparent permeability coefficients for quantitative BCS 

and their limits for each class are outlined in the same chapter. 

Several formulation approaches have been adopted for improving the oral 

bioavailability of CoQ, incorporating natural oils and surfactants. Although CoQ is 

highly lipophilic, due to its high molecular weight and extremely low aqueous solubility, 

it has very low oral bioavailability (Kommuru et al., 2001). Oral bioavailability of CoQ 

may be enhanced by improving the formulation characteristics. Formulation 



characteristics include improving the aqueous solubility, optimizing the drug release and 

maximizing the stability of liquid formulation. Chapter 3 outlines the hypothesis, and 

specific objectives of this study for obtaining a limonene based stable self-

nanoemulsified formulation (SNCDF). 

Self-emulsified (SEDDS) and Self-nanoemulsified drug delivery systems 

(SNEDDS) are amongst the recent approaches adopted to enhance solubility and 

bioavailability (Shah et al., 1999). SEDDS and SNEDDS include solubiHzation of drugs 

in oils with the help of a medium chain triglyceride and a low hyderphile lipophile 

balance (HLB) surfactant. Triglyceride oils such as peanut oil, com oil and soybean oil 

have shown to improve the bioavailability of CoQ in dogs (Kommuru et al., 2001). 

Owing to the methodological difficulties involved in cytotoxicity estimations by using 

cell culture, no cytotoxicity study had been reported for these oils in the literature. 

Chapter 4 of this dissertation presents cytotoxicity evaluation of oils commonly used in 

self-nanoemulsified drug delivery systems and method development. 

Two most important factors to determine the probability of compounds being 

absorbed orally are solubility and permeability. Modem concepts regarding the oral 

absorption suggest that the mucosa also provides a barrier to permeability due to the 

presence of metabolic enzymes such as cytochrome P450, and efflux transporters p-

glycoprotein (P-gp). These could inhibit permeation of dmgs whose physicochemical 

characteristics otherwise suggest simplistic transport by passive processes. 

Characteristically, sttadies are carried out in vitro by considering the changes in dmg 

concentration on either side of model membranes in transwell systems. The Caco-2 cell 



line, derived from a human colorectal carcinoma, has become an established in vitro 

model for the prediction of drug absorption across the human intestine. When cultured on 

semi-permeable membranes, Caco-2 cells differentiate into a highly functionalized 

epithelial barrier with remarkable morphological and biochemical similarity to the small 

intestinal columnar epithelium. The membrane transport properties of novel compounds 

can thereby be assessed using these differentiated cell monolayers to predict in vivo 

human absorption (Yee, 1997). In order to choose a suitable co-solvent system that can 

be used in cell culture methods to study the permeability characteristics, several co-

solvent systems have been evaluated and presented in Chapter 5. Further, the 

permeability of CoQ; both apical to basolateral and basolateral to apical direction were 

evaluated and discussed in the same chapter. The results showed that CoQ is a highly 

permeable compound, which may utilize both carrier mediated transport as well as 

positive absorption mechanisms. The maximal absorption region in the gastrointestinal 

fract (GIT) for CoQ was determined by studying the permeability of CoQ across isolated 

GIT of rat. The regional differences in CoQ permeability studies are presented in Chapter 

6 and the results revealed that CoQ has maximum absorption through duodenum 

followed by colon. Based on these preliminary sttidies CoQ can be categorized into 

Class- II of BCS. The rate of m vivo dissolution is the rate-limiting step for oral 

absorption of class II drugs. Hence, for such dmgs, demonstration of bioequivalence of 

different formulations or generics is important. Essential oils have been used in self-

emulsified systems for improving the solubility, however, due to limited solubility of 

dmgs in these oils and rancidity problems, many of these formulations yield unstable 



products (Kommuru et al., 2001). It was therefore of interest to consider the use of 

natural substances such as chiral essential oil components for solubilizing compounds 

with poor aqueous solubility. The trans-isomer of CoQ naturally-fermented from yeast 

and bacteria is known to have highest activity and is similar to endogenous CoQ. 

Whereas, synthetically produced CoQ cis-isomer has less activity. Chiral molecules such 

as enantiomers of terpenes have been extensively used to enhance the permeation of 

dmgs through skin (Kommum et al., 1998). Microemulsions consisting of R-(+)-

limonene were used as vehicles for solubilization of natural food supplements such as 

phytosterols (Spemath et al., 2003) and lycopene (Spemath et al., 2002). Based on the 

preliminary studies of CoQ solubility in R-(+)-limonene, a number of emulsions were 

prepared with using varying ratio of R-(+)-limonene or S-(-)-limonene, Cremophor EL 

and Capmul GMO-50 and screened. The details of this stiidy are discussed in Chapter 7. 

In this chapter, various characterization studies carried out to evaluate the efficacy of 

limonene to form self-nanoemulsified formulation are discussed. The in vitro 

characterization experiments performed included, thermal analysis (Differential Scanning 

Colorimetery), Fourier transformed infrared spectroscopy (FTIR), tiirbidimetry, particle 

size analysis, zeta potential measurements and dmg release profiles obtained from 

dissolution sttidies. The results illustrated the potential use of essential oil pure 

component, limonene for the preparation of self-nanoemulsified capsule dosage form 

(SNCDF). From these studies, it is inferred that limonene provides an attractive 

alternative to the use of essential oils in self emulsified systems of lipophilic dmgs to 

obtain a stable formulation. To fixrther improve the dmg release profiles, a statistical 



method of screening and optimization was applied to obtain a formulation with improved 

in vitro characteristics. Chapter 8 presents the statistical determination of the relative 

importance of factors that would yield CoQ SNCDF with fast drug release within 5 min. 

A three-factor, three-level Box-Behnken design was used to optimize the formulation 

further and to evaluate main effects, interaction effects and quadratic effects of the 

formulation ingredients on the in vitro performance of SNCDF. The response surface 

methodology using Box-Behnken screening design for three factors offers an advantage 

of fewer experimental runs (15 mns), as compared to that of central composite models 

(Boza et al., 2000; Box and Wilson, 1951). The quantitative effect of independent 

variables, amount of R-(+)-limonene, Cremophor EL and Capmul GMO-50 on dmg 

release profile at 3 levels was predicted using polynomial equations, and the optimum 

level of these factors was determined using response surface methodology. The optimized 

formulation was prepared using the predicted levels of factors, and the observed 

responses were in close agreement with predicted values for the optimized formulation. 

As mentioned earlier, stability has always been a primary concern for self-

nanoemulsified dmg delivery systems. Hence an accelerated stability study was 

conducted on limonene based CoQ SNCDF by subjecting the formulation to normal and 

accelerated thermal and humidity conditions. The tested stability conditions according to 

ICH guideline and the results are discussed in Chapter 9. From the results of this sttidy, it 

was concluded that the novel limonene based CoQ SNCDF is fairly stable at low 

temperatures and drug release profiles were preserved even after subjecting to the 

accelerated conditions. 



Most of the currently available commercial preparations exhibit negligible 

dissolution indicating poor bioavailability. Often, the actual absorption is less than is 

generally assumed, hence for any drug or supplement intended to be administered orally, 

it is desirable to establish adequate bioavailability at an early stage of development. Oral 

bioavailability sttidies on CoQ have been reported in animal models as well as in humans 

(Scalori et al., 1988; Wahlqvist et al., 1998; Chopra et al., 1998; Kommum et al., 1999). 

Preliminary bioavailability studies in animal models such as rats can be useful, less 

extensive and less invasive as compared to studies on human subjects. Therefore, a 

comparative bioavailability study was conducted for two novel self-nanoemulsified dmg 

delivery systems, namely eutectic based CoQ SNEDDS and limonene based CoQ 

SNCDF to test their bioequivalence. The protocols and other details are given in Chapter 

10. Recent techniques have used high pressure liquid chromatography for the 

simultaneous determination of reduced and oxidized CoQ levels by using an ultraviolet or 

electro-chemical detector. However, most of the methods used for determination of CoQ 

from plasma require a minimum of 1 mL plasma. In order to obtain such huge sample 

volumes, animals are often sacrificed after each time interval and the blood is collected. 

Therefore, it was of our interest to develop a reliable and reproducible method for low 

blood volumes with higher degree of sensitivity and specificity. Chapter 10 presents an 

HPLC method that was developed and validated for determination of CoQ in smaller 

sample volumes, as low as 50 |al. The exfraction efficiency by using this method was 

>90%). The concentrations of CoQ in rat plasma were determined by using the new HPLC 



method and the results showed significantly higher Cmax and AUC for the self-

nanoemulsified systems as compared to that of control formulation (CoQ). 

A human study was subsequently carried out to evaluate the comparative oral 

bioavailability. Absorption of CoQ from capsules filled with pure CoQ powder was 

considered as control and compared to the dmg availability in plasma of volunteers who 

had taken capsules filled with either of the two self-nanoemulsified drug delivery 

systems. The bioavailability study was conducted in 18 apparently healthy volunteers, 

aged between 20-50 years. A single 30 mg dose of CoQ was administered orally and the 

plasma concentrations at 0, 2, 4, 6, 8, 12 and 24 hrs were determined as detailed in 

Chapter 11. The studies indicated significantly higher maximum plasma concentrations 

(Cmax) and area under the curve values which reveals enhanced potential for absorption of 

CoQ with self-nanoemulsified preparations. Chapter 12 presents the conclusions from 

this study and based on these results recommendations for future studies are given in 

Chapter 13. 
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CHAPTER 2 

2. Biopharmaceufical Classification Scheme 

2.1. Introducfion 

The first series of food and drug administration (FDA) guidelines for scale up and 

post approval changes (SUPAC) address the requirements for determining and evaluating 

any changes in the formulations for immediate release (IR) oral dosage form. These 

guidelines also introduced the concept of Biopharmaceutical Classification System (BCS) 

based on solubility and permeability of the drugs. Drugs are grouped into four classes as 

given below: 

Class I: High solubility + High permeability 

Class II: Low solubility + High permeability 

Class III: High solubility + Low permeability 

Class rV: Low solubility + Low permeability. 

Rinaki et al. (2003) have outlined the quantitative biopharmaceutical drug 

classification systems based on fundamental parameters controlling rate and extent of 

absorption. In this method the importance of dose to solubility ratio and permeability on 

drug absorption is illustrated. The four categories of BCS are defined by two quantitative 

terms; first, a dimensionless quantity dose/solubility ratio using 250 ml as intestinal 

volume, given as 'q' and the second apparent permeability co-efficient value (Papp) in 

cm/sec. The range of these two values for BCS classes is Hsted in Table 2.1. 
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Forty two compounds have been classified by these authors in the four BCS 

categories, and the predicted values for absorption were compared with the intestinal 

absorptions. This study confirms that these quantitative predictions for extent of 

absorption based on drug biopharmaceutical properties are strongly related to in vivo 

kinetics of drug dissolution and intestinal permeation (Rinaki et al., 2003). If the 

compounds meet the comparable standards concerning the safety and efficacy and 

biopharmaceutical quality, (posses high solubility and high permeability), a waiver of in 

vivo bioequivalence studies is recommended (Blume and Schug, 2000; Ahr et al., 2000). 

However, only a few drugs were classified under the BCS system. In order for the 

industry to extensively apply the BCS system, more drugs need to be classified. Hence, 

the specific objectives of this study were to compile the pertinent information relating to 

solubility, permeability, the drug release from the formulation and absorption through the 

gasfrointestinal wall. If in vitro dissolution performance can be demonstrated for drugs of 

Class-I and II of BCS, industries may not need to perform extensive bioequivalence for 

getting an approval for bio-wavier by FDA. Safety and efficacy are the two basic 

requirements for any drug to be approved by the FDA for its marketing. Therefore, we 

performed the required studies to delineate these aspects of CoQ formulations and details 

are presented in this dissertation. 
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Table 2.1. Biopharmaceutical Classification Systems based on dose to solubility ratio and 
permeability. 

BCS Classes 

Class -1 

Class - II 

Class - III 

Class - IV 

Apparent Permeability 
Coefficient Values 

(cm/sec) 

> Ix 10"̂  

> Ix 10-̂  

<2x 10-̂  

<2x 10-̂  

Dose/Solubility ratio = Q 

< = 0.5 

>1 

<=0.5 

>1 

Source: Rinaki E, Valsami G, and Macheras P. 2003. Quantitative biopharmaceutics 
classification system: the central role of dose/solubility ratio. Pharm. Res. 20:1917-1925. 
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CHAPTER 3 

3. Purpose of Study 

3. 1. Hypothesis 

Oral delivery of Coenzyme QIO (CoQ) with chiral limonene based self-

nanoemulsified system has the potential to enhance its bioavailability. 

3. 2. Objectives 

The overall objectives of this investigation were to: 1) categorize a nutritional 

supplement CoQ according to biopharmaceutical classification scheme, 2) prepare, 

characterize, and optimize a novel limonene based self-nanoemulsified capsule dosage 

form (SNCDF) of CoQ, and 3) assess the stability and bioavailability of new CoQ 

SNCDF. 

3.3. The Specific Objectives 

The specific objectives for this dissertation were as follows: 

> Develop a cell culture model to study the in vitro cytotoxicity of excipients 

> Evaluate the cytotoxicity of oils used in CoQ self-nanoemulsified drug delivery 

systems 

> Evaluate cosolvent systems for solubility of CoQ 

> Determine the permeability of CoQ across Caco-2 cell monolayers 

> Evaluate the fransport mechanism involved in the permeability of CoQ 
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> Determine the site of maximum permeability of CoQ in the gastrointestinal tract 

of rats 

> Evaluate tiie use of chiral essential oil components as solvents for enhancing the 

solubility of CoQ 

> Determine the stability of CoQ in R-(+) - and S-(-)- enantiomers of limonene. 

> Prepare CoQ rapid release self-nanoemulsified drug delivery system (SNCDF) 

using chiral essential oil components 

> Characterize CoQ SNCDF by 

Dissolution studies 

Particle size distribution studies 

Turbidity 

Zeta potential measurement 

Thermal analysis (Differential Scanning Colorimetry) 

Fourier Transformed Infra Red Spectroscopy (FTIR). 

> Optimize the CoQ SNCDF formulation by determination of the process and 

formulation variables effect on drug release using response surface methodology 

(RSM), and verify the optimized formulations 

> Characterize optimized formulation 

> Determine the long term stability of CoQ SNCDF by subjecting it to accelerated 

temperature and humidity conditions 

> Perform bioavailability studies in Sprague Dawley rats and human volunteers 
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CHAPTER 4 

4. Evaluation of Cytotoxicity of Oils Used In Coenzyme QIO 
Self-Emulsifying Drug Delivery Systems (SEDDS) 

4.1. Introduction 

Coenzyme Q (CoQ, ubiquinone/ubiquinol) is a well known fat-soluble 

micronutrient, found in the mitochondria of all living cells. CoQ deficiency is often 

implicated in several diseases (Sarter, 2002; Folkers et al., 1991, 1993, 1995). Due to its 

high lipophilicity, the oral delivery of CoQ is challenging. The poor bioavailability in 

case of CoQ has been attributed to its slow absorption from gastrointestinal tract (GIT) 

and poor aqueous or DMSO solubility. Several approaches have been used in order to 

enhance its solubility and bioavailability. One such approach is Self Emulsified Drug 

Delivery Systems (SEDDS) for CoQ, which includes a medium chain triglyceride and a 

low HLB surfactant. These oil-based formulations were prepared previously by 

solubilizing CoQ in triglyceride oils such as peanut oil, com oil and soybean oil with the 

help of polyglycolyzed glycerides (PGG) as emulsifiers (Kommuru et al., 2001). In 

addition, the solubility of CoQ in these oils and surfactants was also reported in the study. 

However, no cytotoxicity study had been reported. Excipients in the formulation are 

usually selected from Generally Recognized As Safe (GRAS) list of ingredients 

published by the food and drug administration (FDA). If not listed in GRAS compounds, 

their toxicity concern is of utmost importance (Huggett and Verschuren, 1996). 

A convenient and reliable model for the evaluation of cytotoxicity is the use of 

human epithelial Caco-2 cell line (Sakai et al., 1998). Caco-2 cells, originally derived 

from a human colon adenocarcinoma, are used extensively as an in vitro model for rapid 
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screening of intestinal absorption (Sakai et al., 1998) and cytotoxicity studies (Liu et al., 

1999). When cultured on semi-permeable membranes, Caco-2 cells differentiate into a 

highly fiinctionalized epithelial barrier with morphological and biochemical similarity to 

that of small intestinal columnar epithelium (Hilgers et al., 1990). These cells develop 

effective tight junctions and Eilso express numerous brush border enzymes such as lactase, 

peptidase, etc. 

The integrity of the cell monolayer was confirmed by measuring the Trans 

Epithelial Elecfrical Resistance (TEER) (El-Sayed et al., 2002) as well as monitoring the 

fransport of paracellular markers (Artursson et al., 1993). The measurement of cell 

proliferation and cell viability was carried out in order to predict the effect of various 

substances on human intestine. WST-1 reagent assay was used for evaluating the plasma 

membrane damage while the DNA-propidium iodide staining assay was used to evaluate 

the extent of damage to the cell nuclear membrane. 

One of the major difficulties encountered in cell culture studies with hydrophobic 

test compounds is the technique by which an oily component can be brought into contact 

with the cells growing in an aqueous envirormient. Cosolvents such as DMSO are used to 

improve the miscibility of numerous hydrophobic compounds in aqueous media. 

However, for compounds having poor DMSO solubility such as CoQ this problem needs 

to be addressed. The lack of miscibility of the aqueous media such as Dulbecco's 

Modified Eagel's Media (DMEM) with oily or lipophilic substances poses difficulty in 

estimation of the permeability characteristics and other pharmacokinetic parameters using 

cell culture technique. The low density oils tend to float in the well or in the insert donor 
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chamber, which prevents their contact with cells, leading to erroneous and erratic results. 

The present study explores the possibility of utilizing different sample preparation 

techniques such as suspensions or dispersions, homogenized microemulsions and 

nanoemulsions using low concentrations of surfactants to facilitate the contact of the oily 

components with cells. The present experiments were carried out in order to find the 

most suitable and reliable method for evaluation of the cytotoxic effect of oils commonly 

used in SEDDS. 

4.2. Materials and Methods 

Myvacet 9-45 (Diacetylated monoglycerides of C-18 fatty acids) was obtained 

from Quest International (Hoffman Estates, IL) and Neobee M-20 (propylene-glycol 

Caprylic/capric triglycerides) was obtained as a gift from Stepan Company (Maywood, 

NJ). Captex-200 and Captex-355 (Diesters of caprylic/capric acids on propylene-glycol) 

were supplied by Abitech Corp. (Columbus, OH). Cremophor EL was obtained from 

BASF Corp. (Mount Olive, NJ). Triglyceride oils (peanut oil, com oil and soybean oil) 

were purchased from Spectrum Chemicals (Gardena, CA). Cell proliferation reagent 

WST-1 and Propidium iodide reagent were purchased from Roche Diagnostic Corp. 

(Indianapolis, IN). A clone of Caco-2 cells (C2BBel) was obtained from American Type 

Culttire Collection (ATCC) (Rockville, MD). Dulbecco's Modified Eagle's Medium, 

phenol red free (DMEM), phosphate buffered saline (PBS), fetal bovine serum (FBS), 

human transferrin, penicillin and streptomycin solution and trypsin EDTA solution were 

obtained from Life Technologies, Inc. (Rockville, MD). Transwell® cell culttire assembly 

with polycarbonate inserts, pre-coated with collagen (0.4 ^m pore size, 6.5 mm diameter) 
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were purchased from Corning Costar Corporation (Cambridge, MA). Glucose, sodium 

bicarbonate and D-[1-"*C] Mannitol (Mannitol specific activity, 55 mCi) were purchased 

from Sigma Chemicals Company (St. Louis, MO). Sodium dodecyl sulfate (SDS) was 

purchased from Bio-Rad Laboratories (Hercules, CA). 

4.2.1. Cell Culture 

A clone of Caco-2 cell (C2BBel) was purchased and cells were grown as per 

protocol provided by ATCC. Briefly, cells were grown in phenol red free DMEM in 75-

cm^ cell culture flasks until they reached 85-90% confluence after 6-7 days. The media 

was supplemented with 10% FBS, 4.5g/L glucose, 4 mM glutamine, 1.5g/L sodium 

bicarbonate, 1% of pencillin-streptomycin solution (prepared by using 10,000 units/mL 

penicillin G sodium and 10,000 (xg/mL of streptomycin in 0.85% saline) and O.Olg/L 

human transferring. Cells with passage numbers less than 20 were used for all the 

experiments. The cells were seeded at a density of 20,000 cells/well in flat bottom 96-

well micro-titer tissue culture plates and 200,000 cells/well onto polycarbonate 

Transwell® inserts (0.4|j,m pore size, 6.5 mm diameter) and allowed to grow in a 

humidified atmosphere at 37°C (with 5% CO2). The culture media was replaced with 

fresh media every 48 hr. 

4.2.2. Preparation of Samples 

SNEDDS was prepared by taking the oily mixture of CoQ and lemon oil at a ratio 

of 50:50 accurately weighed into screw-capped glass vial and melted in a water bath at 

37*^0. Cremophor EL and Capmul MCM-C8 were added to the oily mixture using a 
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positive displacement pipette and then stirred with a magnetic bar. A detailed method of 

preparation and characterization of SNEDDS for CoQ is published by Nazzal et al. 

(2002). Required concentrations of SNEDDS for cytotoxicity studies were prepared by 

diluting with DMEM. Samples were prepared using three different methods, 1) 

suspensions of oils were prepared just prior to the test. 10 |j,l of oil was measured using a 

positive displacement pipette and added to 10 mL of DMEM (free of supplements). These 

were taken in a glass vial fitted with screw cap. The mixture was then vortex-mixed for 5 

min. using Vortex-genie (VWR Scientific), 2) Homogenization of oils was obtained by 

stirring the oil and DMEM mixture in a glass vial for 5 min using a PT 10-35 Polytron 

homogenizer at # 4 setting, 3) Nanoemulsions using a surfactant: 0.1 % (v/v), (selected 

on the basis of concentration that would be available from a single dose of nanoemulsion 

in gastrointestinal tract GIT considering luminal volume to be 250 ml) nanoemulsions of 

each of the oils mentioned were prepared by adding 10 |j,l of oil and 500 |ig of 

Cremophor EL in 10 mL DMEM in a screw cap glass vial. The mixture was then 

subjected to homogenization for 5 min by using a PT 10-35 Polytron homogenizer at # 4 

setting. 

4.2.3. Determination of Particle Size 

The particle size of oily suspensions, homogenized oils and nanoemulsified oils 

was determined by using Nicomp Particle Sizing System (PSS) ZW380 Application 

Version 1.61 A (Santa Barbara, CA). 1 mL of the sample was taken in a 6x50 mm 

disposable culture tube and the intensity was adjusted in order to obtain the particle size 

distribution. The volume diameter was obtained from the particle sizing system output. 
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4.2.4. Effect of Oily Samples on Cell Proliferation 

The Caco-2 cells were grown in a 96 well plate to 95% confluence (determined by 

observations under microscope). The cells were washed with PBS, and incubated with 

200 nL of test sample (oils such as Myvacet 9-45, Neobee M-5, corn oil, peanut oil, 

Captex 200, Captex 355 and soybean oil) or with controls. DMEM alone was used as 

negative control and 0.1% w/v sodium dodecyl sulfate (SDS) was the positive control. 

The cell viability was determined after incubation for 1,2,3 and 4 hr. 

4.2.5. Analysis by WST-1 Assay Method 

Following the pre-set incubation time intervals, 20 |J.1 of WST-1 reagent was 

added directly to the cells in phenol red free DMEM. The plates were further incubated 

for 15 min so as to allow the reaction between the mitochondrial dehydrogenase released 

from viable cells and the tetrazolium salt of the WST-1 reagent. The intensity of the 

colored compound formed (formazan dye) was then quantified using an ELISA plate 

reader (Tecan SpectraFlour Plus). The absorbance was measured at 450 nm with a 

reference at 620 nm. Each assay was performed in triplicate and the cell viability was 

expressed as a percentage of the absorbance of cells exposed to test samples compared to 

the controls. 

4.2.6. Propidium Iodide Staining Test 

Caco-2 cell monolayers (95 % confluent) were treated with various oils in phenol 

red free DMEM in the apical chamber and media free of oils in the basal chamber. 

Following the treatment for specified time intervals of 1, 2, 3 and 4 hr; 0.1 mL of the 
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medium was withdrawn from the apical side and added to 300 îL of propidium iodide 

solution (50 |j,g/mL). The fluorescence was measured at 490 nm (excitation) and 630 nm 

(emission) (Tecan SpectraFlour Plus, CA). The intensity of fluorescence produced upon 

freatment with various oils is presented as a ratio to that of control. 

4.2.7. Permeability of '"^C-Radiolabeled Mannitol 

One potential effect of excipients on Caco-2 cell monolayers would be the 

dismption of tight junctions. The cell monolayer integrity can be determined by 

measuring the flux of a paracellular marker, mannitol. Therefore, transport experiments 

were conducted with [''*C]-radiolabeled mannitol in the presence and absence of oils. For 

this purpose the cells were grown on collagen coated transwell inserts with 0.4 fam pore 

size as described above in section 4. 2. 1. The apical side of the Caco-2 cells grown on 

inserts was then treated with phenol red free DMEM containing various oils along with 

paracellular marker, while the basal chamber was supplemented with DMEM alone. 

After the incubation in presence of oils for 1, 2, 3, and 4 hr time intervals, samples were 

withdrawn (100 |al from the apical side and ImL from the basal side) and the percentage 

of mannitol permeation was determined. After each sampling, equal amount of the media 

withdrawn was replaced. 

4.2.8. Analytical Method for Permeability Evaluation 

["'Cj-Mannitol was analyzed by liquid scintillation counting using Beckman LS 

6500 counter. Mannitol concentration was chosen such that initial donor concentt-ation 

32 



was approximately 100,000 disintegrations per minute (DPMs). Permeability of mannitol 

was calculated by considering the initial amount in donor chamber as 100%. 

4.2.9. Evaluation of Caco-2 Cell Monolayer Viability by 

Measurement of Recovery of TEER 

TEER values of cell monolayers treated in presence or absence of test samples for 

1, 2, 3 and 4 hr were measured using the EVOM^"^ epithelial voltohmeter (World 

Precision Instruments, Sarasota, FL). After freatment, the cells were washed with PBS 

and fresh DMEM media was added to both apical and basolateral chambers. The cells 

were then incubated for 24 hr (37°C and 5% CO2) and recovery of TEER value was 

monitored at the end of 24 hr. 

4.2.10. Statistical Analysis 

All experiments were performed in triplicates, and the data was compared using 

ANOVA with a level of significance (a) set at 0.05. When the differences in the means 

were significant, post-hoc comparison was conducted using Tukey-Kramer multiple 

comparison test. 

4.3. Results 

4.3.1. Effect of Homogenization and Nanoemulsification on 

Particle Size of Oily Samples 

The particle size of the oil sample depends largely on the method of preparation. 

The oils when suspended or dispersed in DMEM formed larger globules and the particle 
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size was in the millimeter range (data not shown). When the oils were prepared by 

homogenization the particle size range was 3000 nm -7500 nm, whereas the particle sizes 

for the nanoemulsions were less than 1000 nm. Figure 4.1 illustrates the effect of these 

two sample preparation techniques on particle size. 

4.3.2. Effect of Oils on Caco-2 Cell Viability Evaluated bv 

Using Cell Proliferation Reagent WST-1 Method 

Figure 4.2 illusfrate the cytotoxic effects of oils on Caco-2 cell monolayer after 

freatment at 1, 2, 3 and 4 hr with or without the oily suspensions. The viability of cells 

tteated with DMEM alone, is taken as 100% survival. The cytotoxic effect of SNEDDS 

was evaluated by quantifying the absorbance of the color produced due to cleavage of 

WST-1 reagent by viable cell mitochondrial dehydrogenase. Cell viability was not 

significantly different as presented in Figure 4.2. as compared to control. No significant 

difference was seen between the viability of cell monolayers after treatment with oily 

suspensions of Myvacet 9-45, peanut oil and soybean oil as compared to negative control. 

The monolayers treated with other oils namely com oil and Captex 200, showed a 

significantly lower percentage of cell survival as compared to that of control (Figure 4.3). 

Incubation of upto 4 hr had no significant effect on the cytotoxicity pattem of the oils. 

The effect of oils prepared by homogenization followed a different pattem as compared 

to that of the suspensions. The microemulsions showed no significant effect as compared 

to that of control. Figure 4.4 demonstrate the percent survival of Caco-2 cell monolayer 

after treatment with the microemulsions of (homogenized) oils for 1, 2, 3 and 4 hr. Figure 

4.5 illusfrate the percent survival of Caco-2 cells with or without treatment with 
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nanoemulsions with 0.5% surfactant, Cremophor EL. No significant difference was seen 

in the cell viability of Caco-2 cell monolayers after treatment with nanoemulsions as 

compared to the control for any of the incubation time intervals. As shown in Figure. 4.5 

the percent survival of cells after treatment with nanoemulsions for Ihr was more than 

80%, whereas SDS 0.1% w/v (positive control) treated cell monolayers showed only 13% 

survival. 

4.3.3. Effect of Oily Samples on Caco-2 Cell Monolayer 

Determined by Propidium Iodide Staining Method 

The DNA released from the cells to the apical medium was quantified using 

propidium iodide staining Figures. 4.6 and 4.7 show the ratio of the amount of DNA 

released by treatment of Caco-2 cell monolayers with homogenized oils and 

nanoemulsified oils respectively to the amount of DNA released from control 

monolayers. Although treatment with oils for 1, 2, 3 and 4 hr induced the release of DNA 

from cells, the amount released was not significantly different from that of the cells 

treated with negative control (DMEM alone). Treatment with 0.1% w/v SDS as a positive 

control for the same time intervals greatly induced the release of DNA from cells with a 

ratio of 4:1 compared to the control. 

4.3.4. Permeability of'"^C-Radiolabeled Mannitol 

''*[C]-radiolabeled mannitol was used as a marker to evaluate the effect of oils on 

paracellular permeation. Figure 4.8 shows the percent of mannitol permeation through 

Caco-2 cell monolayer after treatment with oils for 1, 2, 3 and 4 hr. The mannitol 
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concenfration in all the donor wells prior to treatment was taken as 100%. Permeability of 

mannitol was found to be not more than 10% even after treatment with oils for 4 hr, and 

was not significantly different from the negative control (DMEM alone). Upto 10% 

permeation of mannitol is reported to be acceptable for permeability studies. In the 

present study, considering the exposure time of 4 hr, the maximum permeation of 10% 

indicates minimal leakage of the monolayer. In contrast, the permeability of mannitol 

increased significantly for monolayers treated with positive control, 0.1% w/v SDS and it 

was found to follow a time dependent pattem. Percent permeability of 0.1% w/v SDS 

after 1, 2, 3 and 4 hr freatment was 21.8+1.2%, 28.6±4%, 32.65±1.1% and 37.28% 

respectively. 

4. 3. 5. Evaluation of Caco-2 Cell Monolayer Integrity 

by Measurement of TEER 

The effect of oils on the monolayer integrity was examined by measuring the 

TEER value before and after treatment of Caco-2 cell monolayers with the above 

mentioned oils for predetermined time intervals of 1, 2, 3 and 4 hr. All the oils showed 

TEER values identical to those of the negative control after treatment with oils for 1 hr. 

Although there was a slight decrease in TEER after 2, 3 and 4 hr, it was not significantly 

different from that of negative control monolayers. The TEER of monolayers treated with 

0.1%) w/v of SDS for 1, 2, 3 and 4 hr reduced drastically and was significantly different 

as compared to the negative control (Table 4. 1). The effect of oils on the recovery of 

TEER value was examined by measuring the TEER of treated cell monolayers after a 24 
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hr incubation of the cells in DMEM. The TEER values for the monolayers treated with all 

of the tested oils showed complete recovery and were found to be similar to the values 

obtained before the experiments were performed. 

4.4. Discussion 

CoQ is reported to possess poor bioavailability and poor delivery properties owing 

to its solubility (Chopra et al., 1998). We have previously reported some unconventional 

eutectic based dmg delivery systems (Nazzal et al., 2002) to enhance the solubility and 

bioavailability. Conventional SEDDS utilize oils, surfactants and co-surfactants to obtain 

an isottopic mixture. While these preparations enhance bioavailability, the toxicity due to 

oils, surfactants and co-surfactants often poses problems. Due to lack of documentation 

on the cytotoxicity and dosage limits for these oils, we were interested in testing the 

cytotoxicity of various excipients used in the formulation. Essential oils have been used 

extensively in pharmaceutical formulations as solubilizing agents and flavoring agents. 

These oils are included in the self-emulsified systems due to their solubilizing properties 

and their P-gp inhibiting action. During the last few decades there has been growing 

concern regarding the use of these oils as excipients for oral consumption. A number of 

essential oils used as flavoring agents are recognized by the Code of Federal Regulations 

(CFR) as GRAS compounds, and so are waived from regulatory agency approval for their 

incorporation in ingested materials. However, reports show that these oils could prove to 

be cytotoxic if not used in limited concentrations (Burkey et al., 2000). In the current 

study, various oils used in SEDDS were evaluated for their cytotoxicity. 
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The metiiod of sample preparation is of prime importance in the proper screening 

of compounds using cell culture models. Poor aqueous solubility and poor DMSO 

solubility of many highly lipophilic substances proves to be the major hurdle as there is 

non-uniform exposure of the cell monolayer to such compounds. Improved delivery 

systems such as microemulsions, nanoemulsions and self-emulsified systems are being 

extensively used to improve the bioavailability of poorly soluble dmgs (Nazzal et al., 

2002). By adopting a similar approach for in vitro presentation of such compounds to the 

cell monolayers, it may be possible to create a more reliable method for assessing 

cytotoxicity. Therefore in the present study, sample preparation was carried out using 

three different methods, namely (1) suspensions or dispersions of samples in aqueous 

media, (2) homogenization of samples, and (3) nanoemulsions of samples using a 

surfactant. 

The cytotoxicity was evaluated by WST-1 assay method, DNA-propidium iodide 

staining assay, mannitol permeability and TEER measurement. Various tetrazolium salts 

such as MTT (Dimitrijevic et al., 2000), XTT and MTS have been widely used for 

measuring cell proliferation (Bromberg and Alakhov, 2003). Tetrazolium salts are 

cleaved by mitochondrial dehydrogenase in living but not dead cells forming a colored 

compound, formazan, the measure of which indicates cell viability. WST-1 is a newer 

tetrazolium salt that can be used for the non-radioactive, spectrophotometric 

quantification of cell growth and viability in proliferation and chemosensitivity assays 

(Ishiyama et al., 1996). WST-1 reagent was selected over other tetrazolium salts, because 

it is cleaved into a water-soluble product unlike MTT. It has a wider linear range and 
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accelerated color development, which is advantageous for fast and reliable simultaneous 

mass scale evaluation of different compounds. Another measure of cell viability, DNA-

propidiimi iodide assay is based on the fluorescence developed due to intercalation of 

propidium iodide with DNA when the nuclear membrane is damaged (Wrobel et al., 

1996). The TEER value is a measure of electrical resistance, which increases with time as 

the cells forms tight jimctions, which can be used to measure the integrity of cell 

monolayer. However, it is less sensitive then other methods such as paracellular marker 

permeability. Hence more sensitive method, mannitol flux was calculated to assess the 

damage to Caco-2 cells in presence or absence or test compounds. Sodium dodecyl 

sulphate (SDS), a potent surfactant, was used as positive control for all the methods at a 

concentration of 0.1% w/v at which it has been reported to be significantly cytotoxic 

(Sakai etal., 1998). 

The suspensions of oils such as com oil, Captex 200, Captex- 355 and Neobee M-5 

and SNEDDS released low amounts of dehydrogenase from viable cell mitochondria as 

compared to control, while the homogenized oils and nanoemulsions showed no 

significant decrease in cell viability as compared to control (Figures 4.2-4.5). This 

membrane damage caused by suspensions of same oils could be explained by the fact that 

when the oils are presented as suspensions, there could be minimal stability of the 

suspension due to absence of surfactant, leading to migration of the lower density oil 

droplets to the top and the retention of higher density oils at the bottom. Captex-200 and 

Captex-355 (diesters of caprylic acids on propylene glycol) and Neobee M-5 

(caprylic/capric triglycerides) may form a layer at the bottom, thus increasing the contact 
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area and time, reducing the intake of nutrients from the aqueous media. The same oils 

when presented as homogenized oils and nanoemulsions failed to be cytotoxic to Caco-2 

cells (Figures 4.4. and 4.5). These results indicate that homogenized samples may be 

more reliable indicators of the cell viability. To further confirm the usefulness of 

homogenized oils or nanoemulsions of oils for cytotoxicity/permeability studies in cell 

culture methods, the effect of these oils as microemulsions and nanoemulsions was 

evaluated using propidium iodide staining method, mannitol permeability and by 

measurement of the TEER recovery. The results were in accordance with the WST-1 

method (Figures 4.3-4.5). None of the oils tested were found to be cytotoxic when 

presented as homogenized oils or nanoemulsions as evaluated by propidium iodide 

method (Figures 4.6 and 4.7). This indicates that the above two methods of sample 

preparation namely, homogenization and nanoemulsification are suitable for carrying out 

cell culture experiments with poorly water soluble and poor DMSO soluble substance 

CoQ. 

In the present study, Myvacet 9-45, a diacetylated monoglyceride of C-18 fatty 

acids, was found to be non-cytotoxic by all the methods used. Medium chain oils such as 

Myvacet 9-45 provide higher solubility than long chain oils. Myvacet 9-45 has been used 

in an optunized self-emulsifying formulation of CoQ (Kommum et al., 2001) and 

Myvacet 9-08 has been used as a solvent for evaluating the oral bioavailability of 

phenobarbital (Yska et al., 2000). 

Peanut oil, a triglyceride of long chain fatty acid, is commonly used as a solvent 

for topical preparations, acts as an absorption enhancer. A review on the safety 
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assessment of peanut oil as reported in Intemational Joumal of Toxicology, 2001, 

supports the use of peanut oil, hydrogenated peanut oil, peanut acid, and peanut 

glycerides in cosmetic formulations, but there are no studies reported on the cytotoxic 

effects of this oil when ingested orally. When evaluated at a concentration of 0.1% (w/v), 

peanut oil was found to be non-cytotoxic by all the methods of cytotoxicity evaluation as 

well as for all three methods of sample preparation (Figures 4.3 to 4.7). 

Soyabean oil is a triglyceride of long chain fatty acid and is frequentiy employed 

as a solvent for topical as well as oral formulations. There was no significant cytotoxicity 

observed at the concentration used (0.1% w/v). The method of sample preparation had no 

significant difference on the cell viability, which is in accordance with an earlier study 

(Olson and Viseken, 1990) on the kinetics of cell-mediated cytotoxicity of soyabean oil 

using the animal model. It was reported that 5% soyabean oil is less cytotoxic as 

compared to 20% soyabesin oil. Also, it has been reported that the high molecular volume 

oils such as soyabean oil had no significant toxicity unless it was used in significantly 

greater concentration than their critical aggregation concentration (Warisnoicharoen et 

al., 2003). 

In the present study, com oil showed some cytotoxicity when presented as 

suspension or dispersion (Figure 4.3). However, h failed to show any cytotoxicity when 

presented as homogenized or nanoemulsified oil, indicating the importance of sample 

presentation in such studies (Figures 4.4 and 4.5). 

Captex-200 and Captex-355 are the medium chain-triglycerides, used as a vehicle, 

solubilizer, as energy source and viscosity modifier. These have been previously utilized 
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in SEDDS formulation of CoQ (Kommum et al., 2001). Captex-355 is a ftilly refined and 

deodorized medium-chain triglyceride inter-esterified with coconut oil. It is soluble in 

numerous organic solvents and miscible with mineral oil and vegetable oils. Its oral LD50 

is reported to be > 36 ml/kg in rats and > 25 ml/kg in mice. In the current study we found 

that it can be used safely upto a concentration of 0.1% w/v. 

Neobee M-5 is a medium chain caprylic or capric acid triglyceride, which is a 

source of fat as a nutrient in a variety of specialized nutritional products. This is a 

specialized fat that is similar to conventional oils but is used as a carrier for flavors, 

vitamins, essential oils and colors. In the present study, though Neobee M-5 reduced the 

cell viability, it was not significantly different from the negative control (Figure 4.3). 

Therefore, amongst the oils tested, Myvacet 9-45, peanut oil and soyabean oil were 

found to be non-cytotoxic by all the methods of evaluation. Sample preparation had no 

effect on the assays used to assess the cytotoxicity levels. This indicates that all the three 

methods of sample preparation provided uniform sample exposure for these test 

compounds as well as SNEDDS. However, com oil, Captex and Neobee M-5 showed 

variable results, depending on the methods of sample preparation. When these oils were 

used as suspension or dispersion, significant cytotoxicity was observed indicating the 

damage to cell membrane. However, the same oils when used in the form of 

homogenized samples or nanoemulsions proved to be non-toxic. This difference in the 

cytotoxicity could be attributed to the contact time of the oils with the Caco-2 cells. 

When oils are presented to the cells as suspensions or dispersions, which are not 

stabilized by any additional surfactant, the possibility of formation of large oil globules or 

42 



aggregates leads to an increased concentration of oils in certain areas of the cell 

monolayer, and subsequent disruption of the cells. It is proposed that when the oils are 

used in high concenfrations above their critical aggregation concentrations, aggregated 

forms of oils such as soyabean oil mediated the toxicity in presence of surfactant, which 

would solubilize the components of the cell membrane thus leading to dismption of 

membrane integrity. Homogenization or nanoemulsification of these oils would give fine 

droplet sizes (Figure 4.1), which would provide uniform distribution and contact of the 

oils with the Caco-2 cells and thus reduce the dumping effect of these oils. 

4.5. Conclusions 

Caco-2 cell culture technique can be utilized for compounds with poor aqueous 

and DMSO solubility provided that the appropriate method of sample preparation is used. 

Myvacet 9-45, peanut oil and soybean oil were found to be non-cytotoxic in emulsion 

form by all the methods of evaluation. Therefore, these oils are more suitable. Among the 

three methods of sample preparations tested, homogenization and nanoemulsification 

provided a suitable tool for cytotoxicity and permeability evaluation of different 

compounds. Com oil, Captex 200 and Captex 355 were found to be cytotoxic when used 

as suspensions or dispersions. However, all these oils were found to be non-cytotoxic 

when presented as homogenized or nanoemulsified samples. 
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Table 4.1. Cytotoxicity of oils assessed by membrane integrity (TEER values expressed 
in ohm. cm ). 

Exposure Time 

Negative 
Control 
(DMEM) 
Myvacet 
Peanut oil 
Soyabean oil 
Com oil 
Captex 200 
Captex 355 
Neobee M-5 
Positive Control 
SDS 0.1% 

Omin 

599±1.15 
590±10.00 
596±16.01 
587±15.28 
590±10.02 
596±7.00 
593±6.08 
598±3.21 

593±6.08 

Ih 

597+1.53 
579±9.02 
588±2.89 
578±7.64 
563±5.77 
560±10.00 
563±10.41 
540±10.00 

408±7.64 

2h 

578+4.73 
557±2.52 
57214.93 
554+3.21 
538+7.64 
534±5.13 
550+5.51 
525±4.36 

356+11.00 

3h 

543+6.43 
538+7.21 
544+4.51 

4h 

511+10.15 
492+4.93 
506+6.03 

539+17.04 497+22.50 
528+6.81 
516+5.51 
506+5.03 

506+5.03 
479+19.01 
476+10.69 

500+10.00 443+29.57 

302+2.52 259+17.93 
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Figure 4.1: Particle size of various homogenized and nanoemulsified oils. 
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Figure 4.2: Cytotoxicity of SNEDDS and individual excipients prepared as 
nanoemulsification samples after 24 hr treatment of cell monolayer cell 
viability estimated by WST-1 method. 
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Figure 4.3: Cytotoxicity of oils as suspensions on Caco-2 cell monolayer using WST-1 
method (% survival compared to control). 
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Figure 4.4: Cytotoxicity of homogenized oils (microemulsions) using WST-1 reagent. 
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Figure 4.5: Cytotoxicity of nanoemulsions of oils using WST-1 reagent. 
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Figure 4.6: Cytotoxicity of oils as homogenized samples using propidium iodide staining 
method (ratio to control). 
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Figure 4.7: Cytotoxicity of nanoemulsions of oils using propidium iodide staining (ratio 
to control). 
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Figure 4.8: Paracellular leakage of mannitol across Caco-2 cells treated with nano
emulsions. 
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CHAPTER 5 

5. Permeability Characteristics of Coenzyme QIO 
Across Caco-2 Cell Monolayers 

5.1. Introduction 

Ubidecarenone (Coenzyme QIO, ubiquinone CoQ), is a lipophilic antioxidant with 

poor solubility and slow absorption leading to low oral bioavailability (Chopra et al., 

1998; Overvad et al., 1999). It is currently being used as a nutritional supplement with 

beneficial effects in many cardiovascular neurodegenerative diseases (Sarter, 2002). The 

pharmacokinetic characteristics and the metabolite profiles of CoQ have been well 

documented (Combs et al., 1976). However, CoQ transport mechanism across biological 

membranes has not been elucidated so far. It is believed to follow an ambiguous path, 

which could be a reason for its unpredictably low and variable bioavailability. The peak 

plasma concentrations have been variable, with values ranging from 0.30 to 3.84 jig/mL 

(Folkers et al., 1997; JoUiet et al., 1998; Overvad et al., 1999). 

The absorption of an orally administered dmg depends on the transport 

characteristics which in turn are determined by the biopharmaceutical (solubility and 

permeability) and physiological factors. Caco-2 cells differentiate into a highly 

functionalized epithelial barrier with good morphological and biochemical similarity to 

the small intestinal columnar epithelium. The monolayer thus formed can be used as a 

model of intestinal epithelium which acts as a barrier between the lumen of the intestine 

and the systemic circulation. Caco-2 cells express various dmg transporters such as 

organic cation/camitine transporters, organic anion transporters, peptide transporters and 

55 



P-glycoprotein (P-gp) constitutively. The Papp values obtained from Caco-2 cell 

transport studies have been shown to correlate with human intestinal absorption (Faassen 

et al., 2003). The permeability of a compound may be determined from the apical to 

basolateral side as well as from the basolateral to the apical side of the Caco-2 cells. A 

higher A->B apparent permeability coeffient (Papp), compared to the B ^ A Papp, is 

indicative of carrier-mediated (facilitated or active) transport. A higher B ^ A Papp has 

been observed for P-gp mediated efflux transport systems (In Vitro Technologies, 2001). 

Modulation of permeability of a compound in the presence of any specific 

substrate or inhibitor of known transporter is an indication for involvement of the same 

fransporter in permeability of test compound. Hydrophobic compounds with low 

molecular weight might be absorbed from the intestine by simple diffusion mechanism; 

however, some hydrophobic compounds such as Camptothecin (higly lipophilic dmg), 

also needs a carrier protein (transporter) for their transmembrane transport (Gupta et al., 

2000). Specific substrates/inhibitors have been identified for several transporters involved 

in intestinal absorption. Verapamil is transported by multiple transporters such as organic 

cation/camitin ft-ansporters OCTNl, 0CTN2, OCTl and active efflux pump P-

Glycoprotein (P-gp). Captopril is a known inhibitor for peptide transporter PEPTl, 

nicotinic acid is a substrate for organic anion transporter AE2 and MCTl. Guanidine is a 

specific inhibitor of organic cation transporter 0CT3 (Watanabe et al, 2002). 

In the present sttidy we tested our hypothesis that the CoQ permeability involves 

transporters. CoQ absorption can be improved in vivo if the transport mechanism is 

known. The hydrophobic properties and low aqueous solubility of numerous compounds 
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pose challenges in the assessment of Caco-2 permeability due to immiscibility with 

aqueous media used for transport studies. To circumvent this problem, various organic 

co-solvent systems have been identified to solubilize such dmgs without affecting the 

Caco-2 permeability (Ginski et al., 2001; Da Violante et al., 2002). We have also 

evaluated tiie use of co-solvent systems and their cytotoxicity was performed as discussed 

in cahpter 4. However, these solvents/oils could not serve as transport media due to the 

limitations of analysis methods such as HPLC which can not detect minor concentrations 

permeated across Caco-2 cells. The objectives of the current work were to a) evaluate co-

solvent systems to provide media for CoQ permeability across Caco-2 cells, b) investigate 

the fransport mechanism of CoQ and c) investigate the effect of several 

subsfrate/inhibitors of known transporters in CoQ permeability. Mannitol permeation was 

used as an indicator for paracellular leakage, and cell monolayer integrity was monitored 

by fransepithelial electrical resistance (TEER) measurements. 

5.2. Materials and Methods 

Caco-2 cell line and Dulbecco's Modified Eagle's Medium (DMEM) with 4.5 g/L 

glucose were purchased from American Type Culture Collection (ATCC) (Rockville, 

MD). Fetal bovine semm (FBS), human transferrin, trypsin-EDTA solution, penicillin-

streptomycin solution, WST-1 cell proliferation reagent, DNA-propidium iodide reagent, 

phosphate buffered saline (PBS), Hanks balanced salts solution (HBSS) and dimethyl 

sulfoxide (DMSO) were purchased from Life Technologies Inc. (Rockville, MD). 

Ubiquinone (CoQ) was a generous gift from Kyowa Hakko USA (New York, NY). CoQ 

was custom radiolabelled by Perkin Elmer NEN life sciences (Boston, MA) and obtained 
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as 0.680 mCi/ ml solution in ethyl acetate. Sodium bicarbonate, verapamil HCl, captopril, 

nicotinic acid, guanidine HCl, D-[1-''*C] Mannitol (Mannitol specific activity, 55 

mCi/mmol), N, N-Dimethylacetamide (DMA), tetraglycol (TG), polyethylene glycol 

(PEG) and l-Methyl-2-Pyrolidone (MP) were purchased from Sigma Chemicals 

Company (St. Louis, MO). Sodium dodecyl sulfate (SDS) was purchased from Bio-Rad 

Laboratories (Hercules, CA). Ethyl acetate (EA) was obtained from Fisher Scientific 

(Pittsburgh, PA). Transwell® cell culture chambers with polycarbonate filters (0.45^im) 

were purchased from Coming Costar Corporation (Cambridge, MA). 

5.2.1. Cell Culture 

The human colon carcinoma cell line, C2BBel (Caco-2 cells), purchased from 

ATCC was cultured as per the protocol provided by ATCC and used at passage numbers 

between 22 to 26. Briefly, the cells were grown in DMEM supplemented with glutamine, 

penicillin-streptomycin, 10%» fetal bovine serum (FBS) and human transferrin at 37°C 

and 5% CO2. For the transport studies, Caco-2 cells were plated at a density of 2 x 10̂  

cells/cm^ on 6.5 cm^ diameter, collagen coated polycarbonate inserts (Costar Transwell, 

0.45|a pore size). The cells were equilibrated in DMEM, pH 7.4 prior to the transport 

studies. The media was replaced with transport buffer; DMEM with or without [ H]-CoQ 

in the apical or basal chamber (n=4). 
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5.2.2. Evaluation of Co-Solvent Systems to Facilitate CoO 

Permeability Screening 

Organic co-solvent systems using a) Hanks balanced sahs solution (HBSS), b) 

HBSS witii 5% N, N-Dimethylacetamide (DMA), c) HBSS with 1% polyethylene glycol 

400 (PEG), d) HBSS with 0.5% Dimethyl sulfoxide (DMSO), e) HBSS with 2.5% 1-

Methyl-2-Pyrolidone (MP), f) HBSS with 5% tefraglycol, g) DMEM and h) DMEM with 

0.1, 0.5, 1, 5 and 10%) of ethyl acetate (EA) were evaluated for CoQ solubility. CoQ 

equilibrium solubility studies were carried out by adding excess amounts of the same to 5 

ml of each co-solvent system in a 10 ml screw capped amber colored glass vial. The vials 

were shaken for 24 hr at 100 rpm using magnetic bars. Samples from each vial were 

filtered through a 0.45 ^m non-sterile polycarbonate syringe filter and analyzed by 

HPLC. 

5.2.3. Cytotoxicity of Transport Media 

In vitro cytotoxicity of the transport media was determined by the DNA-

propidium iodide staining method using flowcytometer (FACScan). For this, Caco-2 cells 

(passage 31-33) were seeded onto 12 well plates at a density of 2x10^ cells/well, and 

incubated with 1ml of transport media containing different amounts of EA (1, 5, 10 %) at 

37°C for 1 hr. Sodium dodecyl sulfate (SDS) at 0.1% was used as a positive control 

whereas DMEM (without CoQ and EA) served as a negative control. The cell viability 

was quantified by measuring the fluorescence due to propidium iodide taken up by the 

DNA of dead cells. Cytotoxicity was measured by using WST-1 reagent, to evaluate the 

cell membrane damage. Briefly, the cells were grown in 96 well culture plates to 
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confluence, treated with test or control solutions for predetermined time intervals. After 

freatment, the cells were washed with DMEM followed by phosphate buffer; WST-1 

reagent was added and allowed to stain for 15 min. The absorbance was read at 450 nm 

with reference set to 620 nm using plate reader (ELISA plate reader, Tecan SpctraFlour 

Plus). 

5.2.4. Transport Studies 

The fransport studies were carried out with the donor chamber containing 

increasing concentrations (1, 50, 75 and 100,150 nM) of [^H]-CoQ in DMEM with 1% 

EA. Samples from the donor (10 |xl) and receiver (50 î l) chambers were taken at 

predetermined time intervals (0, 15, 30, 45 and 60 minutes) and equal volumes were 

replaced. Membrane bound portion of dmg was quantified by counting the radioactivity 

after dissolving the inserts in sodium hydroxide (10%)). The two directional dmg 

transport A->B and B ^ A of [^H]-CoQ (1 and 12.5 ^M) at 4 °C and 37°C was measured 

by scintillation counting. Donor concentrations were used to calculate the mass balance. 

Specific competitive inhibition of [^H]-CoQ permeability was carried out in the presence 

of increasing concentrations of unlabeled CoQ(l, 10, 100 and 1000 |aM) in the donor 

chamber. The substrates/inhibitors (warfarin, verapamil HCl, captopril, nicotinic acid, 

guanidine HCl) were dissolved in the transport media of donor chamber and used at an 

initial concenfration of 10 jxM to assess their involvement in CoQ (1 |xM) permeability. 

Mannitol was used as a paracellular permeability marker to check leakage of the 

transwell membrane. Transepithelial electrical resistance (TEER) was measured before 

and after the experiment to ensure the integrity of the membrane during experiment. For 
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all the experiments, the cells were used only after the monolayer showed a TEER value 

of > 400 Q.cml 

5.2.5. Data Analysis: 

Apparent permeability coefficients (Papp) were calculated according to the 

following equation. 

dQ /dT 

Papp (cm/sec) = 60 * ^ * Co 

where dQ/dT is equal to the linear appearance rate of mass in the receiver solution, A is 

the cross sectional area of filter in cm^; Co is the initial concentration. 

5.2.6. Statistical Analysis 

Permeability coefficients generated from the transport experiments were 

statistically compared either by unpaired t-test or by ANOVA using suitable post-hoc 

analysis (Dunnett multiple comparison). Statistical significance was set at p <0.05. 

5.3. Results 

5.3.1. Evaluation of Co-Solvent Systems 

CoQ was practically insoluble in aqueous transport media HBSS and co-solvent 

systems with HBSS, while there was low solubility in DMEM (Table. 5.1). The solubility 

of CoQ was significantly increased with EA as co-solvent system in DMEM, with 1% 
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showing the maximum solubility. Concentrations of 5%) EA and above were not stable in 

solution leading to phase separation. 

5.3.2. Cytotoxicity Evaluation of Transport Medium 

The solvents used for solubilizing the dmg for cell culture studies may have an 

impact in the estimation of permeability, hence to determine whether the solvents have 

any effect on the cell monolayer integrity, cytotoxicity evaluations were carried out. 

Transport media for CoQ (100 nM) containing different concentrations of EA (1, 5, and 

10%)) in DMEM were evaluated by FACScan using DNA propidium iodide to determine 

the nuclear membrane damage. Figure 5.1a. shows that the intensity of fluorescence 

produced by the test sample treated cells (DMEM containing CoQ in EA) was similar to 

that of negative control treated cells (DMEM alone) and was significantly less as 

compared to that produced by positive control treated cells (SDS). This indicates that 

these co-solvent systems are not cytotoxic to the nuclear membrane of the cells and can 

be used for permeability screening in Caco-2 cells. Cytotoxicity evaluation using WST-1 

reagent fiirther confirmed that this transport media containing CoQ in DMEM with EA 

has minimal toxicity to the cell membrane (Figure 5.1b). 

5.3.3. Effect of Concentration on CoO Transport 

The cumulative amount of CoQ transport across Caco-2 cells was time dependent, 

witii linear increase up to 60 min. The apparent permeability coefficients (Papp in cm/s) 

were also found to be time dependent. Figure 5.2 shows the cumulative amount 

permeated with time. The A ^ B Papp values at 37 °C for 1, 50, 75, 100 and 150 nM 
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donor concentration were 2.2+0.13x10"^ 1.20+0.7 xl0"\ 1.06±0.47 xlO"^ 1.08 +0.75 

xlO"^, and 0.96+0. OxlO"'' cm/sec respectively. 

5.3.4. Directional Permeability Differences 

The cumulative amount of [^H]-CoQ permeated at 37 °C and Papp values for the 

A->B fransport were found to be significantly greater as compared to that obtained from 

B ^ A permeability. The B ^ A Papp value (cm/sec) for initial donor concentrations of 1 

nM CoQ was 1.13+0.252 x 10"̂  and was significantiy lower (P < 0.0001) as compared to 

A->B Papp values of 2.27+0.13 x 10"̂  (Figure 5.3). 

5.3.5. Temperature Effect 

The A ^ B permeability for 1 nM initial concentration of [^H]-CoQ at 4°C was 

significantly (P < 0.05) inhibited (1.57.+0.60 xlO"'' cm/sec), as compared to Papp 

obtained at 37°C Papp (2.27+0.13 xlO'^ cm/sec) (Figure 5.4a). The Papp value obtained 

for B ^ A transport at 4°C as shown in Figure 5. 4b (1.13+0.253 x 10'̂  cm/sec), was not 

significantly different from that obtained at 37°C (0.883±0.252 X 10"̂  cm/sec). 

5.3.6. Competitive Inhibition Studies 

Figure 5.5 shows the Papp values (cm/s) obtained for A ^ B transport of 1 îM 

initial concentration of [^H]-CoQ in presence or absence of increasing concenfrations of 

unlabeled CoQ (cold compound). The Papp values decreased with increasing 

concenfrations (1 nM, 10 nM, 100 nM and l^iM) of cold compound, the values obtained 

were, 9.20+1.41 x 10"̂ , 1.59+0.235 x lO"*, 1.69+0.140 x W^ 1.66+0.079 x 10"̂  cm/sec. 
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respectively. The inhibition with cold compound was significant (P < 0.01) as compared 

to labeled CoQ. 

5.3.7. Competitive Inhibition Studies with Substrates/Inhibitors 

of Known Transporters 

The Papp values for A->B transport of 1 \iM [^H]-CoQ in presence or absence of 

specific subsfrates (10 |xM) such as warfarin, verapamil, captopril, nicotinic acid and 

guanidine are shown in Figure 5.6. Though warfarin has stmctural similarity with CoQ, 

the Papp value of CoQ was not significantly different in presence or absence of warfarin 

(0.198+0.18 to 2.27+0.133 xlO"^ cm/sec). Though, other substrates tested namely, 

verapamil, captopril, nicotinic acid and guanidine decreased the CoQ Papp value 

significantly (1.48+0.296 xlO" ,̂ 1.44+0.438 xlO" ,̂ 1.45+0.186 xlO"\ 1.44+0.165 xlO" ,̂ 

respectively) as compared to control (2.27+0.133 x 10"). 

5.3.8. Cell Monolayer Integrity 

Mass balance, carried out by measuring the donor concentrations and the amount 

bound to cell membrane revealed that only a minor portion of the drug (<10%) was 

retained in the cell membrane and the sink conditions were maintained. A low mannitol 

permeability (Papp < 20nm/sec) across Caco-2 cell monolayers was observed (Figure 

5.7) which indicates monolayer integrity throughout the study period. The [^H]-CoQ 

transport in both the A ^ B and B ^ A directions did not change the TEER of the Caco-2 

cell monolayers. The TEER measurements carried out during and after the experiments 
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were in agreement with the mannitol permeability confirming the monolayer integrity 

during the study course. 

5.4. Discussion 

CoQ is widely used as nutritional supplement with beneficial effects in the 

tteatment of numerous cardiovascular and neurodegenerative diseases (Sarter 2002). The 

low and variable oral bioavailability observed in humans is probably due to poor 

absorption through the gasfrointestinal epithelia. In this study the absorption mechanism 

of CoQ was investigated using Caco-2 cells as a model for intestinal epithelium. To our 

knowledge this is the very first study on CoQ transport mechanism with Caco-2 cells. 

Poor solubility of CoQ in aqueous media is one of the major problems, which hinders the 

pharmacokinetic/absorption studies. Solubilizing agents such as organic solvents are 

usually employed as cosolvents. In this study, numerous co-solvent systems were 

evaluated in order to select a suitable solvent that can be used as a transport media for 

permeability studies (Da Violante et al., 2002). CoQ is soluble in most of the organic 

solvents such as hexane, ether, chloroform and carbon tetrachloride. However, the 

miscibility of these solvents with aqueous media is minimal. As indicated in Table.5.1. 

CoQ was not soluble in most of the regularly used aqueous transport media, whereas 

ethyl acetate served as a good co-solvent to improve the solubility of CoQ in aqueous 

DMEM. Although organic solvents are used frequently in cell culture studies, there are 

limitations for maximum allowable concentrations due to toxicity concems. Cytotoxicity 

studies carried out using ethyl acetate as cosolvent in DMEM shows that it can be used 

safely upto a concentration of 5% in DMEM. Use of radiolabeled material is one of the 
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simple methods of analysis, which enables the estimation of minute concentrations of 

solute. Radiolabeled CoQ has been used for in vivo pharmacokinetic studies (Bentinger et 

al., 2003); hence, in this study the ttansepithelial transport of CoQ was determined by 

using ^H-radiolabeled CoQ. CoQ showed high A ^ B permeability across Caco-2 cells 

and the permeability was donor concentration dependent. However, the B ^ A 

permeability was significantly lower compared to A-^B. This preferential unidirectional 

permeability is an indication of the involvement of transporter proteins. The A-^B 

permeability studies across Caco-2 monolayer also revealed temperature dependency. 

Lower temperature resulted in reduced permeability, which shows that the transport of 

CoQ from the apical side is both carrier-mediated as well as by passive diffusion. 

Whereas B ^ A transport is solely by passive diffusion as no significant temperature 

dependence was seen. To fiirther investigate the specific transporters involved in CoQ 

transport, preliminary studies for competitive inhibition were performed in the presence 

of unlabelled CoQ or various specific substrates of known transporters. Also, the lowered 

permeability in the presence of increasing concentrations of unlabelled CoQ demonstrates 

that CoQ is permeated by two transport mechanisms, carrier-mediated transport and 

passive diffiision. Warfarin, an anticoagulant which is structurally similar to CoQ, 

vitamin K and the analogs of vitamin inhibits CoQ (Combs et al., 1976). The plasma 

levels of warfarin falls when co-administered with CoQ (Zhou and Chan 2001). Hence, 

the effect of warfarin on CoQ permeability was studied. The results indicated no 

significant effect of warfarin on CoQ permeability. But, inhibition studies carried out in 

the presence of captopril, verapamil, nicotinic acid and guanidine showed significant 
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inhibition of CoQ transport across Caco-2 cell monolayers. CoQ is biosynthesized from 

an amino acid precursor, tyrosine or phenylalanine; hence it is possible that it could be 

transported by the peptide transporters. Caco-2 cells have been shown to possess the 

peptide fransporters in the apical (PEPTl) and basolateral membranes (single basolateral 

peptide fransporter) (Terada et al., 1999). The inhibition of CoQ A ^ B transport in the 

presence of captopril, a peptide fransporter inhibitor, is an indication of involvement of 

peptide ttansporter(s) in the CoQ permeability. We also studied cation/camitine 

fransporters as CoQ exerts protective synergic effects with camitine on hyperbaric 

oxygen toxicity (Bertelli et al., 1990). The organic cation/camitine transporter (OCTNl, 

0CTN2) are expressed in Caco-2 cells bmsh border membrane (Elimrani et al., 2003). 

Several nutrients, such as carbohydrates, amino acids and bile acids are known to be 

fransported by these cationic transporters (Elimrani et al., 2003). Verapamil acts a 

substrate for multiple transporters such as OCTl, OCTNl, and 0CTN2 (Watanabe et al., 

2002). Guanidine is a specific subsfrate for another organic cation transporter 0CT3. The 

observed inhibition of CoQ A->B transport in presence of verapamil and guanidine shows 

that OCT transporters contribute to CoQ permeability. A specific substrate of organic 

anion transporters, AE2 and MCTl, nicotinic acid (Watanabe et al., 2002) also inhibited 

the transport of CoQ across Caco-2 cells indicating the involvement of these organic 

anion fransporters as well. Therefore, the inhibition studies indicate the involvement of 

multiple transporter systems. 

The result from this study gives preliminary evidence for CoQ transport by 

carrier-mediated fransport mechanism as well as by passive difftasion. However, fiirther 
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extensive studies could be carried out in order to delineate the involvement of such 

transporters in CoQ permeability. The variable transporter concentrations on cell 

membrane could be one of the reasons for the observed low and variable bioavailability 

of CoQ in humans after oral administration (Chopra et al., 1998; Folkers et al., 1997; 

JoUiet et al., 1998; Overvad et al., 1999). Also, CoQ is used in numerous cardiovascular 

diseases in conjunction with many statin drugs as well as along with antihypertensive 

dmgs such as captopril. Statins such as lovastatin, atorvastatin and pravastatin are 

cholesterol lowering agents, which decrease the CoQ levels and are reported to be 

fransported by MCTl (Wu et al., 2000). We showed that nicotinic acid, a specific 

substrate fro MCTl can inhibit CoQ permeability. Hence, there is a possibility of these 

two dmgs, CoQ and statins, share the same transporter(s). The use of same transporters 

by these co-administered dmgs could lead to competition and subsequent loss of 

bioavailability of CoQ. CoQ is used clinically in various cardiovascular and 

neurodegenerative disease, at variable doses starting from 15 mg/day to 1200 mg/day. 

Assuming that the passive diffiision pathway is a major contributor to CoQ absorption, an 

increase in dose could provide higher plasma concentrations. However, when there is an 

involvement of saturable process, increase in dose may lead to variable absorption and 

toxicities. The maintenance of therapeutic concentration of the co-administered drug(s) 

and CoQ is vital for effective pharmacological action. Hence, the possibility of sharing 

same transporters must be taken into consideration while co-administering CoQ with 

dmgs such as statins and captopril. However, the involvement of specific transporters 
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needs to be evaluated thoroughly by using several different concentrations of each 

substrate to confirm the same. 

5.5. Conclusions 

Understanding intestinal absorption mechanism of CoQ may play a major role in 

the understanding of its bioavailability problems. From this study, it can be concluded 

that CoQ fransport involves both passive and carrier-mediated transport mechanisms, via 

known multiple transporters. CoQ may also involve other unknown transporters for its 

permeation. Differential expression of these transporters may result in variable 

bioavailability of CoQ. Also, extreme care has to be taken when CoQ is given in 

conjunction with other drugs as they may utilize the same transporter(s). Competition for 

the same fransporter may result in reduced absorption of the drugs and consequent 

wastage or toxicity, which may even prove harmful if the essential dmg is not available at 

required concenfration. 
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Table 5.1. Solubility of CoQ in DMEM with ethyl acetate (EA) as co-solvent 

Solvent Solubility of CoQ (ng/mL) + SD 

HBSS 
0.5% DMSO in HBSS 
1 % PEG in HBSS 
2.5% MP in HBSS 
5% TG in HBSS 
5% DMA in HBSS 
DMEM 
0.1% EA in DMEM 
l%EAinDMEM(37°C) 
l%EAinDMEM(4°C) 
5% EA in DMEM 
10%EAinDMEM 

not detectable 
not detectable 
not detectable 
not detectable 
not detectable 
not detectable 

31.96+19.66 
201.51±19.45 
244.94+96.25 
229.421+69.5 
171.88+52.90 
136.14+69.96 
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Figure 5.1: Cytototoxicity evaluation of CoQ in DMEM using ethyl acetate as a co-
solvent (1,5 and 10%)). DMEM as negative control and sodium dodecyl 
sulfate (0.1%) as a positive control. 

a) FACScan using DNA-propidium iodide staining (Fluorescence eluted on 
X-axis is shown against number of cells on Y-axis). 

b) Cytotoxicity assay using WST-1 reagent. Percent cell survival for controls 
and test samples freated cells after 1 and 2 hr incubations is plotted on Y-axis. 
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Figure 5.2: Permeability (A-^B) of [^H]-CoQ at 37°C. Concentration dependence of 
cumulative amount of [^H]-CoQ transport across Caco-2 cell monolayers. 
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Figure 5. 3: Changes in apparent permeability coefficients for bidirectional A ^ B vs. 
B->A transport of [^H]-CoQ across Caco-2 cell monolayers at 37°C with 
[^H]-CoQ initial concentration of 1 nM 
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Figure 5.4: Temperature effect as an indication of carrier mediated transport involvement 
in [ H]-CoQ across Caco-2 cell monolayers, a) [^H]-CoQ transport (A-^B) 
b) [^H]-CoQ transport (B^A). 
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Figure 5.5: Competitive inhibition of InM [^H]-CoQ (labeled) with increasing 
concentration of unlabelled CoQ (1, 10, 100 and 1000 nM). 
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Figure 5.6: Competitive inhibition of InM [^H]-CoQ (labeled) in presence of substrates/ 
inhibitors of known transporters (10 nM). Warfarin (trancellurar), verapamil 
(P-Glycoprotein, organic cation/camitin transporters OCTNl, 0CTN2 and 
OCTl), captopril (peptide transporter PEPTl), nicotinic acid (organic anion 
transporter AE2 and MCTl) and guanidine (organic cation transporter 
0CT3). 
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Figure 5.7: Permeability of mannitol as an indication for paracellular leakage and 
monolayer integrity for the set of experiments mentioned on X-axis. 
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CHAPTER 6 

6. Regional Permeability of Coenzyme QIO using 
Isolated Rat Gastrointestinal Tract 

6.1. Introduction 

Targeting of dmgs to various sites of the gastrointestinal tract (GIT) requires 

preliminary studies on intestinal permeability and determination of the site of maximum 

dmg stability. Intestinal permeability is considered to play a cmcial role in determining 

the overall absorption of orally administered dmgs. Permeability variation in the 

penefration barriers to the dmgs which have carrier-mediated permeability may be 

attributed to differential levels of expression of transporters in different GIT segments. 

Regional variations in expression of enzymes and transporters are reported to influence 

the absorption of drugs such as digoxin and paclitaxel (Stephens et al., 2002). For 

instance, changes in intestinal absorption of iron have been reported to correlate with 

alterations in expression of divalent-metal transporter 1 (DMTl) and ferroportin 1 

(FPl) fransmembrane transporters in the duodenum (ZoUer et al., 2001). Variability in 

calcium absorption has been reported to be due to variable expression of calcium 

fransport protein, CaTl in duodenum (Barley et al., 2001). 

Coenzyme Q (2,3 dimethoxy-5 methyl-6-decaprenyl benzoquinone), also known 

as ubidecarenone, is a highly lipophilic antioxidant with poor aqueous solubility and 

slow absorption leading to low and variable oral bioavailability (Folkers et al., 1995; 

Greenberg and Frishman, 1998; Overad et al., 1999). It is currently being used as a 

nutritional supplement which has gained popularity for its beneficial effects in many 

cardiovascular neurodegenerative diseases (Greenberg and Frishman, 1998; Sarter, 
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2002). The distribution of radiolabeled CoQ following intraperitonial administration in 

rats was reported by Bentinger et al., (2003). CoQ has low bioavailability following 

oral adminisfration and distributes widely throughout the body. CoQ known to have 

antioxidant and membrane stabilizing properties is the only endogenously produced 

lipid soluble antioxidant with a redox fimction in mammals. All cells are capable of 

synthesizing CoQ and no redistribution between organs occurs through the blood. CoQ 

is necessary for adenosine friphosphate (ATP) production. Animal studies demonstrate 

a bioavailability of 2-3%. With high doses of dietary CoQ, the blood concentration in 

both rats and humans can be increased about 2- to 4-fold. Following absorption from 

the GIT, CoQ is taken up by chylomicrons. The major portion of an exogenous dose of 

CoQ is deposited in the liver and packaged into VLDL lipoprotein. The study on 

metabolism of exogenous CoQ and the effect of exogenous CoQ on the metabolism of 

endogenous CoQ has been reported by Nakamura et al. (1999). In a preliminary study it 

was found that CoQ is highly permeable through Caco-2 cell monolayers and its 

permeability involves multiple carrier-mediated transport mechanism (Chapter 5). CoQ 

with its low aqueous solubility and high permeability, can be categorized into class-II 

of biopharmaceutical classification scheme (BCS). Study of regional differences in 

absorption to determine the maximal permeability region will be usefiil in improving 

the bioavailability of orally administered dmgs. This knowledge of absorption window 

region will be useftil for designing a modified release dosage form that targets specific 

regions and so leads to higher bioavailability. 
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Rat intestinal segments are widely used as an in vitro model for absorption 

studies of dmgs (Cong et al., 2001). NaviCyte diffusion assembly has been used for 

permeability studies using Caco-2 cell monolayers as well as for assessing permeability 

of dmgs across skin and other tissues (Wu et al., 2000). In this work, the objective was 

to identify the region of maximum permeability for CoQ in the GIT using an in vitro 

model comprising of different sections of the intestine mounted onto NaviCyte 

diffiision assembly. 

6.2. Materials and Methods 

CoQ was a generous gift from Kyowa Hakko USA (New York, NY). CoQ was 

custom radiolabelled by Perkin Elmer NEN life sciences (Boston, MA) and obtained as 

0.680 mCi/ ml solution in ethyl acetate. Dulbecco's Modified Eagle Medium (DMEM), 

Fetal Bovine Serum (FBS), penicillin, streptomycin and Phosphate Buffered Saline 

(PBS) were obtained from American Tissue Culture Collection (Rockville, MD). All 

other chemicals used were of reagent grade and used as received. 

6.2.1. Transport Studies Through Intestinal Segments 

Male Sprague-Dawley rats, 250-300 g, were used for the permeability 

experiments. The rats were anesthetized using ketamine-xylazine solution and the GIT 

tissues were isolated. The proximal intestinal region, 13 cm starting from 2 cm below 

the pyloric sphincter was considered as duodenum and 13 cm distal intestinal region, 2 

cm from the colon was taken as ileal segment. The remaining small intestine (cenfral 

part) was considered as jejunum for the study. Colon region was removed following the 
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caecum and was used for the permeability experiments as well. A side-by-side diffusion 

apparatus from Trega Biosciences (San Diego, CA) attached to a water bath for 

maintaining a temperature of 37°C was used for all the experiments. Different tissues 

were mounted without stripping on a pre-heated acrylic half-cell and the cell assembly 

was tiien placed in a heated block after joining the other half-cell. The exposed surface 

area was 1.78 cm and the reservoir volume was 6 mL. The donor and receiver 

compartments were immediately filled with pre-warmed oxygenated transport media. 

The buffer was circulated by a gas lift (95 % O2, 5 % CO2). The flow-rate of gas lift 

was adjusted to 10 + 2 mL min"' using a flow meter (ADM 1000, J & W Scientific, 

Folsom, CA). The tissues were equilibrated for 10 min before the radiolabled dmg was 

added to the donor compartment. The quantification for the amount permeated was 

done by mixing test samples (10 \xV) with scintillation cocktail (5 mL). ^^C- mannitol 

and ^H-CoQ dpms were counted using a Beckman LSC6000K liquid scintillation 

counter. The paracellular leakage through the tissues was determined by calculating the 

permeability coefficient (Papp) of mannitol. 

6.2.2. Data Analysis 

Apparent permeability coefficients (Papp) of CoQ, and '"^C-mannitol and ^H-CoQ 

were calculated using the following equation. 

dM ^ 1 
app dt ACQ 

(6.1) 
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where dM/dt is the flux across the tissue (dpm's/min), A is the surface area of the 

membrane (1.78 cm^) and Co is tiie initial drug concentration (1 [iM). The results of 

experiments performed at least in triplicate are presented as mean ± SD. 

6.2.3. Statistical Data Analysis 

Statistical data analysis was performed using the Tukey-Kramer Multiple 

Comparison ANOVA with P < 0.05 as the minimal level of significance. 

6.3. Results and Discussion 

The two directional (apical to basal and basal to apical) permeability of CoQ from 

five different sites of the GIT was studied. The Papp values obtained for apical to basal 

and basal to apical permeability of CoQ through these regions of rat GIT are depicted in 

Figure 6.1. The Papp values were calculated by using the area of Navicyte diffiision 

assembly (Figure 6.2) which is 1.74 cm^. The volume of Navicyte diffusion assembly 

was 6 ml for donor and receiver chamber. The permeability coefficients of CoQ 

through duodenum region was found to be greater (3.149+0.896 X 10"̂  cm/sec) as 

compared to stomach (0.329+0.134 X 10"̂  cm/sec), jejunum (1.363+0.455 X 10"̂  

cm/sec), ileum (0.837±0.400 X 10"̂  cm/sec) and colon (1.599+0.138 X 10"̂  cm/sec) 

segments of rat GIT. This suggests that there is a regional difference in CoQ 

permeation and hence absorption. 

In Chapter 5, we have shown that CoQ permeates through carrier-mediated 

transport across Caco-2 cell monolayers, and it involves multiple known/unknown 

transporters. Surprisingly, m this study, we found that CoQ permeation was maximum 
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through the duodenum region. Different phenomena and factors may contribute to this 

observed high absorption in duodenum region. One of the reasons may be that the 

duodenum region supposedly has the highest enzymatic activity; hence dmgs with 

carrier-mediated fransport may get absorbed to a greater extent through this region. 

Another reason for this high permeability may be due to the higher expression of 

numerous transporters such as divalent metal transporter, SGLTl, GLUT2, and GLUT5 

hexose fransporters and enzymes such as cytochrome P450s in this region as compared 

to other regions of the GIT (Lenzen et al., 1996). Preferential drug absorption at a 

specific location is usually attributed to a physiological membrane phenomena or active 

fransport sites. Besides these, the factors contributing to regional differences in dmg 

absorption include differences in the composition and thickness of mucus, pH, surface 

area, and enzyme activity. For instance, the gastric environmental pH is an important 

determinant for digestion of compounds with high lipophilicity. Stomach pH of < 2 is 

optimal for the partial digestion of proteins and carbohydrates, but not for fats and fat 

soluble compounds. Hence, the studies were carried out in a buffer media. The pH of 

duodenum is approximately 5.5-6.5 (neutral to basic pH), and bile sahs, which are 

required to digest fats and fat soluble compounds, are secreted in the small intestine, 

starting from this region. CoQ is reported to be sequestered by chylomircrons and then 

distiibutes to the liver to be incorporated into very low density lipoproteins (VLDL), 

and excreted primarily through the biliary tract, and over 60% is recovered in the feces 

(Yamamura, 1985; Lucker et al., 1984). Lucker et al. (1984) have reported that CoQ 

pharmacokinetics involves enterohepatic recycling, i.e., reabsorption at ileal region. 
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This may also contribute to the variable bioavailability of CoQ after oral 

administration. The CoQ oral delivery can be formulated by using modified dmg 

delivery system, to release maximum drug in the duodenum to provide higher 

concenfration of free drug in the region with high absorption. The absorptive surface 

area in the small intestine is high in the proximal small intestine due to the presence of 

villi and decreases in the more distal sections. For instance, the absorptive surface area 

of the total small intestine is roughly 250 square meters, which is divided into 

duodenum, jejunum and ileum regions as 117,600 cm^, 1,177,800 cm^ and 824,700 cm^ 

respectively. However, colon region has a absorptive surface area of only 3,018 cm^ 

(Rigas et al., 1998). The volume of different regions is also a factor, as greater volume 

results in dilution of the substances, leading to lower concentrations at the site of 

absorption. For most orally administered compounds, the site of absorption is assumed 

to be same throughout the GIT, with passive processes controlling the rate and extent of 

absorption. The different volumes of these regions have been reported to be 123, 1227, 

1718, and 3018 mL for duodenum, jejunum, ileum and colon regions respectively 

(Rigas et al., 1998). If area to size ratio is taken into consideration, the concentration of 

the dmg in the duodenal region will be higher as compared to that of other parts in the 

GIT. 

Therefore the maximal duodenal absorption of CoQ may be envisaged as 

complex process involving both active/facilitated process and passive diffiision. If dmg 

release is not complete before the dosage form passes beyond the region of maximal 

absorption, efficient dosage utilization bioavailability will be severely compromised. 
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Considering the low transit time and low volume in the duodenal region, formulation of 

these compounds as rapid release dosage form such as self-nanoemulsified dmg 

delivery systems which are designed to be release dmg within 15 min will have a 

significant impact on absorption and bioavailability. 

The mannitol permeability across these tissues were <10 nm/sec and hence, it can 

be concluded that the tissue remained viable for upto 120 min (Table. 6.1). Mannitol 

Papp values of < 20 nm/sec are reported to be acceptable for permeability studies to 

consider the tissues to be intact and non-leaky (Ismael and Hidelgo, 2001). 

6.4. Conclusions 

In this study, the region with highest permeability of CoQ across GIT of rats was 

determined. The maximal permeability was seen through duodenum region followed by 

colon. Jejunum and stomach regions also had substantial permeability. Hence 

formulation of CoQ immediate release dosage form to release the dmg in these sites 

(duodenum and/or colon regions) for maximum bioavailability should be considered 

while designing a dosage form. 
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Table. 6.1. The apparent permeability coefficient (Papp in nm/s) values of mannitol 
through rat gastrointestinal tract. 

Direction 
Apical to 
basal 
Basal to 
Apical 

Stomach 
0.597+0.205 

6.197+3.201 

Duodenum 
1.197+0.291 

6.048+1.287 

Jejunum 
3.304+2.477 

3.043+1.290 

Ileum 
1.698+0.893 

1.989+0.830 

Colon 
3.604+1.827 

2.617+0.209 
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Figure. 6.1. Bidirectional permeability (apical to basal vs. basal to apical) of CoQ through 
segments of rat GIT presented as Papp values in cm/sec on Y-axis and region 
of GIT on X-axis. 
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Figure. 6.2: Navicyte diffusion assembly used for CoQ permeability through isolated 
segments of rat gastrointestinal tract. 
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CHAPTER 7 

7. Preparation And In Vitro Characterization Of Limonene-Based 
Coenzyme QIO Self-Nanoemulsified Capsule Dosage Form (SNCDF) 

7.1. Infroduction 

Self-emulsified systems are being used extensively for improving the formulation 

characteristics of poorly water-soluble dmgs (Attama et al., 2003). Conventional 

SNEDDS-based formulations mainly use fixed oils or essential oils to form fine oil-in-

water emulsions of dmgs in aqueous solutions with the help of a surfactant and a co-

surfactant. However, due to limited solubility of dmgs in these oils and rancidity 

problems, many of these formulations yield unstable products (Kommum et al., 2001). It 

was therefore of interest to consider the use of natural substances such as chiral 

components of essential oils for solubilizing dmg compounds with poor aqueous 

solubility. Chiral molecules such as enantiomers of terpenes were used to enhance the 

permeation of dmgs through skin (Kommum et al., 1998). Limonenes are monocyclic 

monoterpenes extracted from citms finiits, and are used as flavouring agents. Limonene 

exists in two chiral conformations namely R-(+)-limonene and S-(-)-limonene. Limonene 

enantiomers are known to have emulsion forming and solubilizing properties (Saito et al., 

2003). Limonenes have been shown to possess chemopreventive activities in 

experimental animal models and hence are proven to be beneficial to health (Lu et al., 

2002). The R-(+)-limonene isomeric form, also known as D-limonene, is more 

abundantiy present than racemic and S-(-)-limonene forms. Limonenes are metabolized 

by cytochrome P450 enzymes; CYP2C9, CYP2C11, CYP2C19 and CYP2B1 to oxidized 

products such as carveols and perillyl alcohols (Miyazawa et al., 2002). The hydroxylated 
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metabolites of R-(+)-limonene, sobrerol, carveol and prillyl alcohol are reported to be 

more potent than the metabolites of S-(-)-linionene (Miyazawa et al., 2002). R-(+)-

limonene and its metabolites are weak inhibitors of post translational modifications of ras 

proteins, famesyl fransferase (FTase) and geranylgeranyl transferase 1 (GGTase 1) and 

hence shows potential tumour growth inhibitory properties. The use of R-(+)-limonene in 

microemulsions as vehicles, enhancing solubilization of natural food supplements with 

nutritional and health benefits, has been already explored in food industry (Spemath et 

al., 2003). However, the available literature is scarce about the use of these components 

in the preparation of SNEDDS. The objectives of the present study were, to evaluate the 

use of chiral molecules, limonenes in SNEDDS. These studies were performed by using 

Coenzyme Q (CoQ) as a model dmg. CoQ is a neutral, highly lipophilic antioxidant, with 

beneficial effects on cardiovascular and neurodegenerative diseases (Sarter, 2002). 

7.2. Materials and Methods 

CoQ was a generous gift from Kyowa Hakko, USA (New York, NY). R-limonene 

and S-limonene were purchased from Sigma Aldrich (Milwaukee, WI). Polyoxyl 35 

castor oil (Cremophor EL) was obtained from BASF Corp. (Mount Olive, NJ). Capmul 

GMO-50 was obtained from Abitec Corp. (Janesville, WI). Hydroxy propyl methyl 

cellulose (HPMC) capsules were supplied by Shionogi Qualicaps (Whitsett, NC). HPLC 

grade metiianol and n-hexane were purchased from VWR Scientific (Minneapolis, MN). 

All the chemicals were used as received. 
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7.2.1. Determination of CoO Solubility in Limonenes 

Solubility of CoQ in R and S limonenes was determined. Excess of CoQ (Ig) in 5 

mL of limonenes were taken in an amber color screw cap glass vials and the mixtures 

were stirred using magnetic stirrer. Samples were taken after 24 and 48 hr, filtered and 

analyzed using HPLC method (Nazzal et al., 2001). 

7.2.2. Differential Scanning Colorimetry (DSC) of CoO and 

Binary Systems of CoQ with Limonenes 

CoQ and limonene (R or S) were mixed at various ratios between 90:10 and 10:90 

(w/w). Approximately 5 mg of the mixture was sealed in the aluminum pan and analyzed 

using a differential scanning calorimeter (DSC 7, Perkin-Elmer, Norwalk, CT). Thermal 

analysis was carried out between 10 and 75 °C under nitrogen gas flow against an empty 

reference pan at a heating rate of 10 °C min"'. Lower temperatures were maintained using 

ice. 

7.2.3. Fourier Transform-Infrared Spectroscopy (FT-IR) 

FT-IR spectroscopy was performed using Nexus 470 FT-IR (Thermo Nicolet, 

Madison, WI) attached to an attenuated total reflectance (ATR) accessory which is fitted 

with single bounce diamond at 45° intemally reflected incident lights. The sampling area 

was 1 mm in diameter with a sample depth of several microns. Samples for CoQ, and 

binary systems of CoQ with limonenes (90:10 to 10:90) were prepared using a small 

mortar and pestie. Analysis were performed by placing a small amount of the sample 
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directly on the diamond disk and scanning for absorbance over the range from 4000 to 

400 wave numbers (cm"') at a resolution of 1 cm"'. 

7.2.4. Powder X-Ray Diffraction Studies 

X-ray diffraction studies were performed using a Philips Norelco Diffractometer 

equipped with a graphite monochromator. Sample of CoQ, and a semisolid mixture of 

(1:1) CoQ in limonene were run by placing the sample in the sample holder. 

Measurements were carried out using Cu Kd- radiation generated at 40 kV voltage and 20 

mA current. Samples were scanned from 2 degree 20 to 70 degree 29. 

7.2.5. Stability of CoO in Limonenes 

Stability studies were performed for CoQ in R or S limonene (500 ^g/mL) taken in 

amber color glass vials fitted with screw caps and subjected to various temperature and 

humidity conditions. The stability was evaluated at 4°C, 25°C, 37°C, 25°C with 60% 

relative humidity (RH), 37°C with 60% RH and 45°C with 75% RH for upto 3 months. 5 

laL of samples taken on days 1, 7, 15, 30, 45, 60 and 90, were diluted with methanol and 

analyzed using HPLC method (Nazzal et al., 2001). 

7.2.6. Formulation of the Self-Emulsified Capsule Dosage Forms (SNCDF) 

A series of self-emulsifying systems were prepared with varying concentrations of 

the limonene (R or S), Cremophor EL and Capmul GMO-50. The amount of CoQ was 

fixed to 25%). CoQ was accurately weighed into screw-capped glass vial and melted in a 

water bath at 37 °C. Cremophor EL and Capmul GMO-50 were added to the mix using a 
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positive displacement pipette and stirred with a magnetic bar. While molten, formulations 

with different concentrations of surfactant, co-surfactant, and the limonene, each 

containing CoQ at a final loading of 30 mg, were filled into size 3 HPMC capsules. Filled 

capsules were stored at room temperature until their use in subsequent studies. 

7.2.7. Visual Observations 

To assess the self-emulsification properties, formulation in a capsule (120 mg) was 

infroduced into 250 ml of pre-warmed water (37 °C) in a glass Erlenmeyer flask at 25 °C 

and the contents were gently stirred manually. The tendency to spontaneously form a 

fransparent emulsion was judged as good or bad based on the visual observation. When 

there was poor or no emulsion formation it was judged as bad. Phase diagrams were 

constmcted identifying the good self-emulsifying region. All studies were repeated in 

triplicates with similar observations being made between repeats. 

7.2.8. Emulsion Droplet Size Analysis and Turbidity Measurements 

Formulation in one capsule (120 mg) was dissolved in 250 ml of water, pre-

equilibrated at 37 °C, in an Erlenmeyer flask and gently mixed manually. The resultant 

emulsions were evaluated for its droplet size and turbidity as follows: 

7.2.8.1. Droplet Size Analysis 

The droplet size distribution of the resultant emulsions was determined by taking 

the resuhant emulsion in a small glass tube (60X50 mm). The particle size, volume 

diameter was measured using particle sizing system (NiComp PSS ZW380, Santa 
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Barbara, CA). All studies were repeated, with good agreement being found between 

measurements. 

7.2.8.2. Turbidity Measurement 

Turbidity of the resultant emulsions given in nephlometric turbidity unit (NTU) 

was measured using Orbeco-Hellige turbidimeter (Model 966, Farmingdale, NY). 

Turbidimeter used in the study was carefiiUy calibrated with formazin standards. 

Accuracy of the instrument is essential especially for small and diluted emulsions with 

high surfactant concentrations. Accuracy of the above turbidimeter, is approximately 

±0.01 NTU with sfray light less than or equal to 0.01 NTU. 

7.2.9. Zeta Potential 

The difference in potential between the surface of the electro-neutral region of the 

solution and the surface of tightly bound layer of ions on the particle is known as zeta 

potential. The zeta potential was measured by using NiComp PSS ZW380 (Santa 

Barbara, CA). The nanoemulsions were taken in a cuvvete and the electrodes were 

attached and placed in the ZW380 for measurement. Each sample was analyzed in 

tripUcates using automatic mode. 

7.2.10. Dissolution Sttjdies 

7.2.10.1. Flask Method 

Preliminary dissolution experiments for capsules filled with the self- emulsified 

formulations of CoQ in R or S-limonene were determined using Erleynmeyer flask at 
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25°C. Capsules (containing 30mg of CoQ) were introduced in to 250 ml of pre-warmed 

distilled water. Amount of CoQ dissolved was analyzed by HPLC, after filtering the 

samples using a 10 |am VanKel filter. All the experiments were carried out in triplicate. 

7.2.10.2. USP Rotating Paddle Method 

Dissolution profiles of the capsules filled with the self- emulsified formulations of 

CoQ in R-limonene were also determined using USP2 rotating paddle apparatus 

(VK7000, VanKel, Cary, NC). The dissolution experiments in triplicates for each 

formulation were carried out at 37°C + 0.5, with a rotating speed of 50 rpm in 900 ml of 

water. Capsules were held to the bottom of the vessel using aluminum sinkers. Samples 

(3 ml) withdrawn after 5, 10 and 15 minutes were filtered using a 10 |im VanKel filter 

and analyzed using HPLC method, details of the same can be found elsewhere (Nazzal et 

al., 2001). 

7.2.11. HPLC Analysis 

HPLC method for the analysis of aqueous CoQ samples was previously described 

by Nazzal et al., 2001. Briefly, CoQ was analyzed utilizing a C18, (3.9x150 mm) reverse 

phase column (Nova-Pak; Waters, Milford, MA) at ambient temperatures. The mobile 

phase composition was methanol: n-hexane (9:1), at a flow rate of 1.5 mL/minute was 

used to elute CoQ at a wavelength of 275 nm. The samples were loaded in to the 

autosampler (712 WISP) and the analyzed using Waters HPLC instrument attached to a 

510 pump, and a 490E UV detector. The counts for area under the peak were determined 

using STAR 5.3 software (Varian, Walnut Creek, CA). 
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7.3. Results and Discussion 

7.3.1. Determination of CoO Solubility in Limonenes 

Solubility of CoQ in R and S limonenes was determined in order to assess the 

utility of these solvents to prepare CoQ SNEDDS. The results indicated that CoQ is fairiy 

soluble in monoterpenes, R-limonene (571.6+5.03 ^g/ml) and S-limonene (543+3.6 

Hg/ml). Due to stability problems posed by fixed oils and essential oils used in SNEDDS 

(Kommum et al., 2001; Nazzal et al., 2002), use of monoterpenes as an alternative to oils 

in the preparation of SNEDDS might provide formulations with increased stability. 

Microemulsions consisting of ethoxylated sorbitan ester (Tween 60), water, R-(+)-

limonene, ethanol, and propylene glycol were prepared and used as food grade vehicles 

for enhancing the phytosterols solubilization (Spemath et al., 2003). These 

microemulsions that are used as vehicles for enhancing solubilization of natural food 

supplements are shovm to increase the solubilization of lipophilic antioxidant, lycopene 

(Spemath et al., 2002). This indicates the effectiveness of R-(+)-limonene in emulsion 

formations. 

7.3.2. Differential Scanning Colorimetry (DSC) of CoO and 

Binary Systems of CoO with Limonenes 

Thermographs for CoQ and binary systems of CoQ with limonene (R or S) mixed 

at ratio 90:10 (w/w) are presented in Figure 7.1. The melting point of CoQ and binary 

system of CoQ with R-(+)-limonene was approximately 49°C, whereas the binary 

mixture of CoQ with S-(-)-limonene showed a broad endotherm with a melting point of 
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44°C. This could be attributed to the physicochemical differences due to isomerism of 

these two enantiomers. Furthermore lemon oil, volatile oil consisting of limonene is 

known to reduce the melting point of CoQ by formation of eutectic semisolid product. 

Thus, the reduction in peak time for the binary mixture of CoQ with S-(-)-limonene could 

be due to eutectic formation, whereas the R-(+)-limonene did not effect the CoQ melting 

point. 

7.3.3. Fourier Transform-Infrared Spectroscopy (FT-IR) 

CoQ compatibility with limonenes was tested by using FT-IR spectrometry in 

conjugation with ATR. Binary mixtures of CoQ with limonenes (90:10 to 10:90) were 

scaimed for absorbance over a range of 4000 to 400 wave numbers (cm"') at a resolution 

of cm"', and the absorption spectrums are presented in Figure 7.2-7.4. Yang and Her 

(1999) demonsfrated the use of FTIR in conjugation with ATR for the handling of liquids 

and semisolids. Several characteristic sharp peaks were obtained in the absorption 

spectrum of CoQ. CoQ bands at 1608 cm"' corresponds to the benzoquinone ring and 

another characteristic peak for mono substituted isoprenoid units was observed at 1643 

cm''(Figure 7.2). No significant change in these peaks was observed for the binary 

mixtures of CoQ with R-limonene (Figure 7.3). This resemblance of characteristic peaks 

indicates the intactness of CoQ molecular stmcture in binary mixtures with R-limonene. 

However, these two characteristic peaks of CoQ were found to decrease as the ratio of S-

limonene increased in the binary mixture with CoQ (Figure 7.4). This disappearance of 

characteristic peaks at higher S-limonene concentration (70% S-limonene) in CoQ binary 

mixttire indicates possible interactions or degradation. Whereas the FTIR spectrum for all 
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the ratios of R-limonene indicated no chemical interaction in these binary mixtures, thus 

infers the compatibility of CoQ with limonene (R or S). 

7.3.4. X -Ray Diffraction Studies 

Qualitative X-ray diffraction was performed on pure CoQ powder purchased from 

Sigma chemicals and X-ray diffraction pattem is depicted in Figure 7.5. A single peak 

characteristic of CoQ was seen. The X-ray diffraction pattem of mixture of CoQ and 

limonene also exhibited the same peak as shown in Figure 7.6. Limonene is a liquid and 

formed a semisolid mixture when mixed at a ratio of 1:1 with CoQ. This presence of 

characteristic peak in the semisolid mixture indicates the preservation of CoQ crystal 

stmcture in limonene. 

7. 3. 5. Stability of CoO in Limonenes 

Stability of CoQ in R or S limonene was evaluated at 4°C, 25°C, 37°C, 25°C with 

60% relative humidity (RH), 37°C with 60% RH and 45°C with 75% RH for upto 3 

months. Figures 7.7 and 7.8. depict the amount of CoQ remained stable when subjected 

to the above temperature and humidity conditions. CoQ was found to be stable with less 

than 5% degradation in both forms of limonene. From the solubility, DSC, and FTIR 

studies, it is obvious that, these essential oil components can be used with CoQ without 

any significant chemical interactions or degradation. 

7.3.6. Formulation of tiie Self-Nanoemulsified Systems 

A series of self-emulsifying systems were prepared by using constant amount of 

CoQ (25%) with varying concentrations of the limonenes (R or S), Cremophor EL and 
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Capmul GMO-50. The compositions of these formulations included 1:1, 2:1 3:1 and 4:1 

ratios of surfactant to co-surfactant. Twenty four formulations for each R or S limonene 

were designed with different ratios and are presented in Table 7.1. Since the drug and co-

surfactant are fixed to a certain percentage, only variables in these formulations were 

surfactant and limonene. The amount of co-surfactant is fixed to one part for 1, 2 and 3 

parts of surfactant, and screened for a formulation with greater emulsification properties. 

The surfactant is limited for its use, due to restrictions in the amount of oils it can 

emulsify. Incorporation of co-surfactant stabilizes the diffiisional degradation of the 

emulsions by forming miniemulsions (Reimers and Schork, 1996). In the present study, 

co-surfactant, Capmul GMO-50 (Glycerol Mono-Oleate) a mono-diglyceride of food 

grade oleic acid, is selected based on its mufti-functional emulsifying capabilities and due 

to its bioavailability enhancing property. Capmul GMO-50 complies with Food Chemical 

Codex (FCC) for Glycerol Mono-oleate and is a Generally recognized as safe (GRAS) 

compound according to 21 CFR § 184.1505. Since HLB of the mixttire is an important 

factor to obtain maximum emulsification rate, the surfactant and co-surfactant should be 

selected to yield a mixttare with optimum hydrophile - lipophile balance (HLB) 

(Bachynsky et al., 1997; Shah et al., 1999). Capmul GMO-50 has a calculated HLB value 

of 3-4 and thus can be used with high HLB value surfactants such as Cremophor EL in 

order to obtain optimum HLB of the mixture. Cremophor EL is a polyethoxylated castor 

oil having a HLB value of 12-14, functions as non-hemolytic, solvent compatible 

emulsifier and solubilizer. In the present study, surfactant to co-surfactant ratios of 3:1 

and 4:1 were found to form more stable emulsions with smaller globule size. The 
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spontaneity and efficacy of emulsification assessed showed stable emulsions formed with 

low amount of oils and lower surfactant concentrations. This explains the advantage of 

using a co-surfactant, to avoid the toxic effects related to use of higher surfactant 

concentrations. 

7.3.7. Visual Observations 

The self-emulsification properties of formulation in a capsule (containing 30 mg of 

CoQ) were assessed by measuring tendency to spontaneously form a transparent 

emulsion. Results for spontaneity of emulsification and appearance of formulations for R 

and S -(-)- limonenes are shown in Tables 7.2 and 7.3 respectively. These results 

indicated the formation of stable emulsions at higher oil concentrations with all ratios of 

surfactant and co-surfactant. This could be due to solubility of CoQ in limonenes. 

Further, the presence of surfactant and co-surfactant helps in the formation of o/w 

emulsions. Phase diagram for R-(+)-limonene formulations was constmcted identifying 

the good self-emulsifying region and is presented in Figure 7.9. Among the screened 

formulations, 3:1 and 4:1 ratios of co-surfactant to surfactant showed maximum oil 

loading upto 90%) and thus the solubilization of CoQ. These results are in accordance 

with solubilizing capacity of oil and surfactants. Turbidity and particle size measurements 

were also carried out for the resultant emulsions and the results are given in Tables. 7.2 

and 7.3. Turbidity, a linear measurement inversely proportional to the solubility of the 

compound, has been used to predict the dissolution characteristics of compounds 

(Pouton, 1985). In our studies, the turbidity of CoQ formulations in R-(+)-limonene 

increased at higher surfactant and co-surfactant levels, i.e., when the oil concentration 
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was low. However, the ttirbidity of CoQ formulations in S-(-)-limonenes showed 

comparatively higher values except for formulations 3, 10,19 and 21. This could be 

atfributed to the formation of mesomorphic phases at the surfactant-water interface. It 

was reported that when SNEDDS are diluted with water, various mesomorphic phases are 

formed (Iranloye et al., 1983). However, no particular trend was observed for turbidity of 

these formulations to correlate with dissolution. Particle size measurements of these 

formulations revealed the formation of nanoemulsions (Tables 7.2 & 7.3). The mean 

diameters for the volume weighed particle size determinations of most formulations were 

below 100 nm, and some formulations also showed bimodal distributions, having another 

peak at 911±2. The secondary peak obtained at 911 nm was constant for all the 

formulations, and was also present for blank, i.e., empty shells of HPMC capsules 

dissolved in water. Hence, it could be concluded that the formulations obtained from 

using chiral molecules, limonenes are nanoemulsions. Since R-(+)-limonene is studied 

more extensively for its use in microemulsions of food supplements as compared to S-(-)-

limonene, and it also showed better compatibility in DSC studies, R-(+)-limonene was of 

interest for fiirther studies. 

7.3.8. Zeta Potential 

The zeta potential values obtained for the 24 formulations prepared by using R-(+)-

limonene and 24 formulations prepared by S-(-)-limonene are presented in Table.7.4. The 

values obtained for limonene formulations are strongly negative. High absolute zeta 

potential values (25 mV or more) indicate a deflocculated system in which repulsive 

forces exceed the attractive forces keeping the particles dispersed. On the other hand, low 
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zeta potential values (< 25mV) indicate a flocculated system in which particles come 

togetiier due to attractive forces exceeding the repulsive forces. Table 7.4 illustrate that 

R-limonene formulations resulted in 16 deflocculated systems whereas S-limonene 

formulations resulted in 4 deflocculated systems and all other formulations showed 

highly negative zeta potential values. The zeta potential allows prediction of emulsion 

stability (Roland et al., 2003). From the above results it can be concluded that R-

limonene formed more stable formulations as compared to that of S-limonene. 

7.3.9. Dissolution Studies 

Dissolution of S and R- limonene formulations was carried out in order to evaluate 

the release of drug from the formulations and to determine the emulsifying capacities of 

SNCDF to solubilize the dmg in aqueous medium. Cumulative percent released after 5, 

10, and 15 min was analyzed and the dissolution rate within the first 15 min appeared to 

be fast enough to release the dmg upto 100% in few formulations. Initial screening of the 

formulations was performed by using flask method, in order to get a rough estimate of 

dissolution characteristics. The results, as shown in Table 7.4 indicate that the maximum 

release of dmg from these formulations was upto 60%. This could be due to delayed 

solubility of the HPMC capsule shells and thus incomplete release of the drug. HPMC 

capsule shells are reported to dissolve in 3-4 min in aqueous media (Nazzal et al., 2001). 

The release of CoQ, fiirther analyzed using USP method, VanKel dissolution apparattis 

indicated that formulations 19, 22, and 23 gave faster and complete dmg release above 

90%). However, remaining formulations did not release tiie dmg, which may be due to the 

encapsulation of dmg in the capsule shell material. The range of oil, Cremophor EL and 
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Capmul GMO for these formulations was 15-67.5%), 6-48% and 1.5-12%, respectively. 

Cremophor EL has been used as surfactants in the microemulsions and is known to 

increase the dissolution rate as well as the bioavailability of numerous lipophilic dmgs 

and also possess clinically beneficial effects (Tabarelli et al., 2003). In the present 

studies, the use of limonenes minimized the use of higher concentrations of Cremophor 

EL which would otherwise be toxic at higher concentrations. 

7.4. Conclusions 

The present investigation illustrated the potential use of essential oil pure 

components for the preparation of SNCDF. The SNCDF prepared from chiral molecules 

of limonene showed good stability and enhanced solubility for formulation development. 

DSC and FT-IR studies revealed no chemical interactions of these excipients with CoQ. 

The dissolutions profiles indicated an immediate release liquid dosage forms of CoQ 

using R-(+)-limonene with less than 50%) of Cremophor EL. Therefore, limonenes 

provide an attractive alternative to essential oils in SNEDDS of lipophilic dmgs. 
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Table 7.1. CoQ self-nanoemulsified capsule dosage form (SNCDF) ingredient ratios (% 
w/w) chosen for formulation screening. 

Formulation No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

CoQ 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

R or S Limonene 

67.5 
60 

52.5 
37.5 
30 

22.5 
15 
7.5 
0 

63.75 
52.5 

41.25 
30 

18.75 
7.5 
0 
57 
33 
15 
0 

67.5 
45 
15 
0 

Cremophor EL 

3.75 
7.5 

11.25 
18.75 
22.5 

26.25 
30 

33.75 
37.5 
7.5 
15 

22.5 
30 

37.5 
45 
50 

13.5 
31.5 
45 

56.25 
6 
24 
48 
60 

Capmul GMO-
50 

3.75 
7.5 

11.25 
18.75 
22.5 
26.25 

30 
33.75 
37.5 
3.75 
7.5 

11.25 
15 

18.75 
22.5 
25 
4.5 
10.5 
15 

18.75 
1.5 
6 
12 
15 
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Table 7.2. Characterization of CoQ SNCDF using R-(+)-limonene, Cremphor EL and 
Capmul GMO-50. 

Formulat 
-ion No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Ratio 

1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
2:1 
2:1 
2:1 
2:1 
2:1 
2:1 
2:1 
3:1 
3:1 
3:1 
3:1 
4:1 
4:1 
4:1 
4:1 

Appearance 
of SNCDF 

Good Clear 
Good Clear 
Good Clear 
Good Clear 

Turbid 
Turbid 
Turbid 
Turbid 
Turbid 

Good Clear 
Good Clear 
Good Clear 
Good Clear 

Turbid 
Turbid 
Turbid 

Good Clear 
Good Clear 

Turbid 
Turbid 

Good Clear 
Good Clear 

Turbid 
Turbid 

Spontaneity 
of 

Emulsificati 
on 

Good 
Good 
Good 
Good 
Bad 
Bad 
Bad 
Bad 
Bad 

Good 
Good 
Bad 
Bad 
Bad 

Good 
Bad 
Bad 

Good 
Good 
Good 
Good 
Bad 

Good 
Bad 

Turbidity 
NTUs+sd 

80+3 
209+7 
27+1 
84+5 

405+8 
62+4 
73+6 
69+5 
97+1 
40+1 
303+7 
247+8 
240+7 
431+6 
91+2 
277+7 
214+8 
217+3 
103+1 
103+2 
207+3 
520+8 
135+8 
272+4 

Particle size 
Volume 

weighting 
(nm) + sd 

43.3+2 
911.7+2 
911.8+80 
70.2+5.1 

43+.3 
69.2+3.9 
52.6+3.9 
>1000 

41.1+3.7 
25.5+1.6 
911+80 

911.7+80 
33.7+2.2 
51.6+1.7 
32.7+3.4 
10.9+0.8 

911.3+0.8 
148.6+0.8 
40.5+5.4 
12.9+0.8 

99.6+24.8 
82.6+11 
29.2+3.5 
30.8+3.4 
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Table 7.3. Characterization of CoQ SNCDF using S-(-)-limonene, Cremphor EL and 
Capmul GMO-50. 

Formulation 
(S-

limonene) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Ratio 
Surfactant: 

Co-
surfactant 

1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
2:1 
2:1 
2:1 
2:1 
2:1 
2:1 
2:1 
3:1 
3:1 
3:1 
3:1 
4:1 
4:1 
4:1 
4:1 

Appearance 
of SNCDF 

Good Clear 
Good Clear 
Good Clear 
Good Clear 

Turbid 
Turbid 
Turbid 
Turbid 
Turbid 

Good Clear 
Good Clear 
Good Clear 
Good Clear 

Turbid 
Turbid 
Turbid 

Good Clear 
Good Clear 

Turbid 
Turbid 

Good Clear 
Good Clear 

Turbid 
Turbid 

Spontaneity of 
Emulsification 

Good 
Good 
Good 
Good 
Bad 
Bad 
Bad 
Bad 
Bad 

V. Good 
Good 
Good 
Good 
Good 
Bad 
Bad 

Good 
Good 
Good 
Bad 

V. Good 
Bad 
Bad 

Good 

Turbidity 
(NTUs) ± 

sd 

375+4 
211+7 
68+4 
524+3 
122+7 
135+2 
204+8 
152+4 
149+1 
49+2 
25+5 
105+2 
147+3 
282+7 
300+8 
717+6 
138+7 
167+4 
79+1 
350+5 
99+3 
354+8 
144+4 
522+6 

Particle 
size 

(nm) + sd 

156+22.6 
18.6+1.3 
12+0.5 

92.2+12 
911.0+80 
36.9+2.1 
911+79 

911.9+80 
35.8+4.8 
124+17.7 
911.8+80 
136.6+14 
98.0+10.5 
11.9+0.5 
12.1+0.4 
50.3+4.9 
73.4+9.2 
91.6+13.1 
17.5+1.8 
10.9+0.8 
10.4+0.7 
21.5+2.2 
38.3+4.1 
17.2+2 
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Table 7.4. Characterization by zeta potential measurements (mV) of CoQ SNCDF using 
R-(+)-limonene and S-(-)-limonene. 

Formulation No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

S-Limonene 
formulations 

-30.31+0.91 
-2393.20+40.7 
-42.83+6.88 
52.78+4.21 
280.97+34.4 
45.26+4.14 
815.75+27.25 
820.47±47.10 
-1.98+0.12 
-548.61+6.54 
-65.61±3.53 
-62.52+8.39 
-50.58+9.23 
-64.76+2.26 
-7.00+0.68 
-160.15+8.16 
-7.08+0.91 
-0.86+9.12 
-61.99+5.18 
10.46+3.11 
-49.96+0.75 
-70.66±7.25 
-76.34+3.43 
-5.49+1.78 

R -limonene 
formulations 

297.01+8.89 
425.97+4.28 
66.77+4.03 
-9.55+3.94 
-28.09+5.40 
123.61+14.7 
84.24+3.91 
268.38+1.75 
84.24±5.12 
-26.78+6.91 
160.89+6.6 
-4.58+1.18 
67.35+0.69 
-15.11+1.30 
4.96+2.10 
67.58+1.64 
34.32+5.90 
72.14+1.39 
26.41+1.82 
80.26+4.37 
7.04±0.98 
197.18+8.41 
109.98+9.04 
508.12+10.74 
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Table 7.5. Dissolution profiles given as % released after 15 minutes, of CoQ SNCDF 
using R-(+)-limonene and S-(-)-limonene. 

Formulation 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

S-limonene 
formulations 

64.60+0.69 
47.87+0.44 
42.98+0.90 
28.34+1.04 
28.19+1.14 
19.99+0.25 
9.95+0.10 
1.66+0.01 
1.56+0.14 
51.99+0.40 
64.15+0.34 
49.74+0.13 
41.19+0.22 
51.93+0.26 
7.00+1.28 
5.49+1.90 
0.86+1.22 
40.68+3.58 
17.07+1.47 
6.62+0.11 
0.75+0.21 
17.25+3.32 
25.29+3.31 
4.44+0.73 

R -limonene 
formulations 

62.87+2.68 
34.34+2.22 
24.03+2.12 
30.94+3.33 
56.22±15.44 
51.47+12.70 
40.92+5.97 
22.64+2.74 
1.51+0.23 
69.1+14.24 
66.1+1.99 
34.8+0.80 
67.35+0.69 
61.50+0.30 
33.62+2.12 
9.06+0.54 
64.58+0.45 
53.24+0.31 
42.76+0.88 
9.78+0.34 
69.31+1.90 
44.99+0.40 
55.53+1.04 
23.98+5.74 

R limonene 
formulations 
(VanKel 
method) 
9.76+5.24 
2.48+0.79 
2.08+0.48 
0.94+0.02 
0.00+0.00 
0.57+0.81 
0.21+0.30 
0 
1.06+0.51 
1.01+0.78 
3.66+3.36 
15.05+4.35 
16.28+7.79 
36.07+6.80 
1.46+2.07 
0 
40.64+5.56 
62.59+20.05 
112.91+1.11 
20.83+10.52 
58.38+13.24 
98.65+0.85 
117.64+25.36 
6.06+0.42 
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Figure 7.1: Differential Scanning Colorimetry (DSC) profiles a. DSC thermograms of 
CoQ, b. Binary mixture of CoQ with R-(+)-limonene and c. Binary mixture 
of CoQ with S-(-)-limonene. 
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Figure 7.3: FT-IR spectra of mixttires of CoQ with increasing ratio of R-(+)-limonene 
(10% to 70% w/w). 
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Figure 7.4: FT-IR spectra of mixtures of CoQ with increasing ratio of S-(-)-limonene 
(10% to 70% w/w). 
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Figure 7.5: X-ray diffraction pattem of CoQ powder. 
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Figure 7.6: X-ray diffraction pattem of 1:1 semisolid mixture of CoQ with R-(+)-
limonene. 
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Figure 7.7: Short-term stability of CoQ in R-(+)-limonene 
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Figure 7.9: Pseudo-temary phase diagram indicating the efficient self-emulsification 
region for formulations with R-(+)-limonene. 

123 



CHAPTER 8 

8. Response Surface Methodology for Optimization and 
Characterization Limonene-based Coenzyme QIO 

Self-Nanoemulsified Capsule Dosage Form (SNCDF) 

8.1. Introduction 

Many dmgs, currently available in the market and under development, have poor 

aqueous solubility. This leads to poor dissolution, and frequently results in variable 

bioavailabilities. Several approaches and formulation strategies have been reported in the 

literature in order to overcome this problem. Self-emulsifying dmg delivery systems 

(SEDDS) and self-nanoemulsified dmg delivery systems (SNEDDS) are some of the 

most recent approaches (Kommum et al., 2001; Nazzal et al., 2001). For these, isotropic 

mixtures of oils, surfactant, and co-surfactant are used to solubilize the lipophilic drug. 

These SEDDS and SNEDDS have a tendency to form fine oil-in-water emulsions when 

infroduced into an aqueous media subjected to mild agitation (Pouton, 2000; Charman et 

al., 1992). However, these emulsions should exhibit predictable release profiles and 

stability of the liquid in capsule dosage form. Stability of emulsions is a major problem 

associated with SNEDDS liquid dosage forms which include oils, surfactants and co-

surfactants. The present study deals with an optimization procedure for preparing a stable 

self-nanoemulsified capsule dosage form (SNCDF) of a highly lipophilic compound 

using chiral essential oil component, (R-(+)-limonene). CoQ was selected as a model 

dmg for highly lipophilic compound with poor aqueous solubility and low oral 

bioavailability (Sarter, 2002; Chopra et al., 1998). R-(+)-limonene was selected based on 

prior experiments for determining the stability of CoQ in essential oil components. The 
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main objective of this study was to statistically determine the levels of factors by 

screening the process variables which would yield CoQ SNCDF with fast dmg release 

(within 5 min). Many statistical experimental designs have been recognized as useful 

techniques to optimize the process variables. Different types of screening designs such as 

fractional factorial and Plackett-Burman screening designs have been used for pre-

formulation evaluations (Abu-Izza et al., 1996; Sastry and Khan, 1998; Gohel et al., 

1998; Hamed and Sakr, 2001). Response surface modeling (RSM) is used when only a 

few significant factors are involved in optimization. Different types of RSM designs 

include, three level factorial designs, central composite design (Boza et al., 2000; Box 

and WUson, 1951), Box-Behnken design (Singh et al , 1995), and D-optimal designs 

(Sanchez-Lafiiente et al., 2002). A modified central composite experimental design, Box-

Behnken design is an independent, rotatable or nearly rotatable quadratic design (does 

not contain an embedded factorial or Fractional factorial design), in which the treatment 

combinations are at the midpoints of edges of the process space and at the center 

(Ragonese et al., 2002). Among all the RSM designs, Box-Behnken design requires fewer 

runs (15 mns) in a three-factor experimental design. Hence, this design was applied to 

optimize the CoQ SNCDF with constraints on the release of dmg after 15 min. The 

independent variables for the present study were: amount of R-(+)-limonene (Xi), 

Cremophor EL (X2) and Capmul GMO-50 (X3). The dependent variables included drug 

release profile, turbidity, particle size, and zeta potential. 
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8. 2. Materials and Methods 

CoQ was a generous gift from Kyowa Hakko, USA (New York, NY). R-limonene 

was purchased from Sigma Aldrich (Milwaukee, WI). Cremophor EL (Polyoxyl 35 castor 

oil) was obtained from BASF Corp. (Mount Olive, NJ). Capmul GMO-50 (Glyceryl 

Mono Oleate) was obtained from Abitec Corp. (Janesville, WI). HPLC grade methanol 

and n-hexane were purchased from VWR Scientific (Minneapolis, MN). Hydroxypropyl 

methylcellulose (HPMC) capsules were supplied by Capsugel (Greenwood, SC). All the 

chemicals were used as received. 

8.2.1. Box-Behnken Statistical Design for Optimization of CoQ SNCDF 

Box-Behnken statistical screening design was used to optimize and evaluate main 

effects, interaction effects and quadratic effects of the formulation ingredients on the in 

vitro performance of SNCDF. A three-factor, three-level design used is suitable for 

exploring quadratic response surfaces and constmcting second-order polynomial models. 

This cubic design is given by set of points at the midpoint of each edge of a 

multidimensional cube and a center point replicate. The non-linear quadratic model 

generated by the design is given as: 

y = bo + biX] + b2X2 + baXs +bi2XiX2 + bi3XiX3 +b23X2X3 + biiXi2 + b22X2 + b33X3 , 

where Y is the measured response associated with each factor level combination; bo is an 

intercept; bl to b33 are the regression coefficients; Xi, X2 and X3 are the independent 

variables (Box and Behnken, 1960). The dependent and independent variables selected 
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are shown in Table 8.1. These high, medium and low levels were selected from the 

preliminary experimentation. The amount of R-(+)-limonene (Xi), Cremophor EL (X2) 

and Capmul MCM-C8 (X3) used to prepare each of the 15 formulations are given in 

Table 8.2. 

8.2.2. Preparation of CoO SNCDF 

Self-nanoemulsified capsule dosage form of CoQ was prepared by varying the 

concenttations of R-(+)-limonene, Cremophor EL, and Capmul GMO-50. CoQ was 

accurately weighed into screw-capped glass vial and dissolved in R-(+)-limonene. The 

mixttire was warmed in a water bath at 37 °C. Cremophor EL and Capmul GMO-50 were 

added to the mix using a positive displacement pipette and stirred using a magnetic bar. 

Fifteen formulations v^th different concentrations of surfactant, co-surfactant, and R-(+)-

limonene, each containing CoQ at a final loading of 30 mg, were filled into size 3 HPMC 

capsules. Filled capsules were stored at room temperature till subsequent studies. 

8.2.3. In Vitro Evaluation of Designed Formulations of CoO SNCDF 

The designed formulations were evaluated by means of visual observations for 

spontaneity of emulsification, emulsion droplet size, zeta potential, turbidity, and 

dissolution profile of CoQ. 

8.2.4. Visual Observations for Spontaneity of Emulsification 

To assess its self-emulsification properties, the CoQ SNCDF formulation in a 120 

mg capsule corresponding to 30 mg of CoQ was infroduced into 250 ml of pre-warmed 

water in a glass Erienmeyer flask at 25°C and the contents were gently stirred manually. 
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The tendency to spontaneously form a transparent emulsion was judged as good or bad 

based on the clarity of emulsion formed (Craig et al., 1995; Kommuru et al., 2001). 

8.2.5. Emulsion Droplet Size Analysis 

The mean particle size diameter of the resultant nanoemulsions was determined by 

using a particle sizing system (Z380 PSS NiComp, Santa Barbara, CA). Samples, taken 

in a small glass tube (60x50 mm) were directiy placed into the module and the data was 

collected for 10 minutes. Particle size was calculated from the volume size distribution. 

All studies were repeated in duplicates, with good agreement being found between the 

measurements. 

8.2.6. Turbidity Measurements 

Turbidity of the resultant emulsions given in nephlometric turbidity unit (NTU) 

was measured using Orbeco-Hellige turbidimeter (Model 966, Farmingdale, NY). The 

turbidimeter used in the study was carefiilly calibrated with formazin standards. Accuracy 

of the instmment is essential especially for small and diluted emulsions with high 

surfactant concentrations. Accuracy of the above turbidimeter, was found to be 

approximately ±0.01 NTU with stray light less than or equal to 0.01 NTU. 

8.2.7. Zeta Potential Measurement 

The difference in potential between the surface of the electro-neutral region of the 

solution and the surface of tightly bound layer of ions on the particle is known as zeta 

potential. The zeta potential was measured by using NiComp PSS ZW380 (Santa 
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Barbara, CA). The nanoemulsions were taken in a cuvette and the electrodes were 

attached and placed in the ZW380 for measurement. Each sample was analyzed in 

triplicate using automatic mode. 

8.2.8. Dissolution Studies 

USP rotating paddle method: Dissolution profiles of the capsules filled with the 

self-nanoemulsified formulations of CoQ in R-limonene were determined using rotating 

paddle apparatus (VK7000, VanKel, Cary, NC). The dissolution experiments in 

friplicates for each formulation were carried out in triplicates at 37°C + 0.5, with a speed 

of rotation at 50 rpm in 900 ml of water. Capsules were held to the bottom of the vessel 

using aluminum sinkers. Samples (3 ml) withdrawn after 5, 10 and 15 min were filtered 

and analyzed using HPLC method. Details of the HPLC method can be found elsewhere 

(Nazzal etal., 2001). 

8.2.9. HPLC Analysis 

HPLC analysis of aqueous CoQ samples was carried out by a method previously 

described by Nazzal et al., 2001. Briefly, CoQ was analyzed utilizing a CI 8, (3.9 x 150 

mm) reverse phase column (Nova-Pak; Waters, Milford, MA) at ambient temperatures. 

The mobile phase composition was methanol: n-hexane (9:1), at a flow rate of 1.5 

mL/minute to elute CoQ at a wavelength of 275 nm. The samples were loaded into the 

autosampler (712 WISP) and analyzed using Waters HPLC instrument attached to a 510 

pump and a 490E UV detector. The counts for area under the peak were determined using 

STAR 5.3 software (Varian, Walnut Creek, CA). 
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8.2.10. Optimization of Formulation Ingredients 

After generating the polynomial equations relating the dependent and independent 

variables presented in Table. 8.1, the process was optimized for the response Yi. 

Optimization was performed to obtain the levels of Xi, X2, and X3, which maximized Yi 

with consfraints on Y2. 

8.3. Results and Discussion 

The RSM using Box-Behnken screening design for three factors offers an 

advantage of fewer experimental runs (15 mns), as compared to that of central composite 

models, circumscribed (CCC) or inscribed (CCI) which requires 20 mns(Box and 

Wilson, 1951; Box and Behnken, 1960; Box and Hunter, 1976; IChan et al., 1996). The 

independent and dependent variables for design generated experimental mns are given in 

Tables 8.1 and 8.2. The dissolution profile for the 15 formulations is presented in Figure. 

8.1. Based on the experimental design generated by X-Stat® (version 2.01, John Wiley & 

Sons, New York, NY) the factor combinations resulted in different responses. Table 8.2 

indicates the effect of these factors on turbidity, particle size and zeta potential of the 15 

formulations. From these results, one can conclude that all these formulations resulted in 

acceptable turbidity (<150 NTUs) and particle size range (< 150 nm) for nanoemulsions, 

and no particular pattem was found. Zeta potential indicates the stability of emulsions by 

measuring the difference in potential between the tightly bound layer of ions on the 

particle surface and electroneutral region of the solution. An absolute value, lesser than or 

greater than 25 mV is indicative of flocculated and deflocculated emulsions respectively 
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(Leiberman et al., 1989). All the zeta potential values obtained are expressed in Table 8.2 

indicating tiiat the formulations 1, 7, 9, 13, 14 and 15 might have aggregated droplets 

similar to flocculated systems. From Figure 8.1 and Table 8.2 it can be inferred that these 

three factors have profound effect on the dmg release profiles. Formulations numbered 1, 

7, 9, 13, 14 and 15 showed higher dmg release of >85% after 15 min of dissolution. 

However, the percent of dmg released after 5 min from formulations 1, 7, and 9 was less 

than 70%), and only formulations 13, 14, and 15 showed rapid dmg release of >70% 

(Figure. 8.1). In order to obtain a formulation having rapid dmg release of >85% within 5 

min, RSM optimization was used to determine the levels of these factors. The 

mathematical relationship in the form of a polynomial equation for the measured 

responses obtained with the statistical package Statgraphics® (version 4, Manugistics 

Inc., Rockville, MD) is listed in Table 8.3. The confidence that the regression equations 

would predict the observed values better than the mean for Yi and Y2, were 97.02 and 

86.18 respectively. The polynomial equation presented in Table 8.3 represents the 

quantitative effect of process variable (Xi, X2, and X3) and their interactions on the 

response Yi. The values of the coefficients Xi, X2, and X3 are related to the effect of 

these variables on the response Yi. Coefficients with more than one factor term and those 

with higher order terms represent interaction terms and quadratic relationship 

respectively. A positive value represents an effect that favors the optimization, while a 

negative value indicates an antagonistic effect. The values of Xi, X2, and X3 were 

substituted in the equation to obtain the theoretical values of Yi. The predicted values and 
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the observed values were found to be in good agreement. The system generated equations 

for the dependent variables Yi and Y2 are given as follows. 

Y,= 78.503 + 6.058 * Xi + 13.738 * X2+ 5.986 * X3 - 25.831 * X,^+ 9.12* X,X2-
26.03 X1X3 - 38.67 Xẑ  +II.O2X2X3 -15.55 Xj^ Equation 8.1 

Y2= 92.7833 + 3.6975*X, + 26.0337*X2 + 0.19875*X3 - 17.1992*Xi^ + 1.6625*X,X2 
12.6725*XiX3 - 46.6817*X2^ + 17.925*X2X3 - 6.81167*X3^ Equation 8.2 

As illusfrated in table 3, a p value of < 0.05 for any factor in ANOVA indicate significant 

effect the corresponding factors on the response i.e. dissolution after 5 min (Yi). From 

the F-ratios given in analysis of variance for Yi, one can conclude that the effect of 

Cremophor EL, and the ratio of R-(+)-limonene to Capmul GMO-50 have significant 

effects on the release profile formulation. 

The relationship between the dependent and independent variables was fiirther 

elucidated using response surface plots and contour plots. Also the main effect of the 

independent variables on the dependent variables was fiirther investigated using pareto 

chart and interaction plot. Figures 8.2-8.5 shows the effect of factors (Xi, X2, and X3) on 

the response, Yi. From these figures, the following observations can be made. Effect of 

Xi, X2 and X3 on Yi (Dmg release from formulation dissolution for 5 min dissolution) 

Figure 8.2 (standardized pareto chart for Yi) depict the main effect of the 

independent variables on the dissolution of the formulations. The length of each bar in 

the graph indicates the effect of these factors and level of their effects on responses. The 

length of bar extending behind the reference line indicates the extent of corresponding 
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factor effects on Yi. From figures 8.2 and 8.3, it can be inferred that the factor B 

(Cremophor EL, X2), AA (quadratic effect of R-(+)-limonene, Xi^), BB (quadratic effect 

of Cremophor EL, X2^), CC (quadratic effect of co-surfactant, Campul GMO-50, X3 )̂, 

and AC (interaction effect of R-(+)-limonene, Xi and Capmul GMO-50, X3) have 

significant effect on the drug release from formulation dissolution for 5 min. 

Figures 8.4-8.6 fiirther explains the effect of A (Xi), B (X2), and C (X3) ratios on 

the response Yi. From the 3-D plots, it is clear that the ratio of R-(+)-limonene and 

Capmul GMO has a major effect on determining dmg release within 5 min from 

formulations (Figure 8.4). This figure shows that at a lower concentration of R-(+)-

limonene the percent dissolved increased with an increase in the concentration of Capmul 

GMO-50 (from 3.95% to 68.47%)). However, at higher concentration of R-(+)-limonene, 

the percent dissolved from formulation decreased with an increase in Capmul GMO-50 

concentration (57.84% to 18.21%). This can be explained by the fact that co-surfactant by 

itself does not emulsify the oil rather it acts by enhancing the emulsifying capability of 

surfactants. Hence, optimum ratio of surfactant and co-surfactant is a key factor in 

achieving an emulsion. 

Figure 8.5 indicates that an optimum ratio of R-(+)-limonene and Cremophor EL 

is required to yield a formulation with higher percentage of dmg release. As shown in 

Fig. 5 the surfactant showed minimal effect on the dissolution of formulation after 5 min 

when the concentration of R-(+)-limonene is low. However, at higher levels of R-(+)-

limonene the percent dissolved from formulation increased with an increase in the 
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concentration of Cremophor EL (from 6%) to 44.1%). This can be fiirther improved by the 

addition of co-surfactant, Capmul GMO-50 in the formulation. 

The importance of a surfactant and co-surfactant ratio in an emulsion formulation 

and the dmg release from emulsions is shown in Figure 8.6. The figure indicates that 

sufficient concentration of co-surfactant is needed for maximal effect of surfactant on 

emulsification of lipophilic substance with solvent. Figure 8.7 is a representative contour 

plot to fiirther elucidate the effects of varying ratio of R-(+)-limonene and Cremophor EL 

with a fixed amount of Capmul GMO-50 on response Yi. Figure 8.7 illustrates that the 

emulsification of R-(+)-limonene increases as the concentration of Cremophor EL is 

increased. Maximum dissolution of the dmg was found at limonene levels from -0.25 to 

0.5 with lower level of Cremophor EL from 0 to 0.5 as indicated by the central solid 

(black) portion of the plot. 

Having studied the effect of independent variables on the responses, the levels of 

these factors were determined by using computer optimization process (RSM). The 

predicted values of Yi and Y2 were 81.6%), and 95.9%, respectively at XI, X2 and X3 

levels of 0.0344, 0.216, and 0.240 respectively. As a confirmation process, a fresh 

formulation of CoQ SNCDF was prepared with CoQ (30 mg), R-(+)-limonene (45 mg), 

Cremophor EL (38 mg) and Capmul GMO-50 (10 mg). The optimized levels of factors 

yielded a formulation with rapid dmg release of >90 Vo within 5 min and complete dmg 

release within 15 min (Figure 8.8). The observed and predicted values were in very close 

agreement. Further, the optimized formulation had turbidity value of 16.1±1.08 NTUs, 

droplet size of 23.1±2.11 nm, and zeta potential of 11.9±1.83 mV. 
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8.4. Conclusions 

Optimization of limonene based CoQ SNCDF using RSM, Box-Behnken design 

was performed. The ratio of independent variables, R-(+)-limonene, Cremophor EL and 

Capmul GMO-50 showed a significant effect on the dmg release characteristics of the 

formulation. The optimum ratio of these factors at 3 levels was chosen based on the 

quantitative effect and the polynomial equations generated by RSM. The optimized 

formulation prepared by using these predicted levels of factors resulted in desired 

observed responses forming nanoemulsions with >97% dmg release in 5 minutes and 

complete dmg release within 15 minutes of dissolution. 
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Table 8.1. Variables in the Box-Behnken design 

Variables 

Independent variables 

XI = R-limonene 
X2 = Cremophor EL 
X3 = Capmul GMO-50 

Dependent variables 

Yl=Dissolution after 5 min 
Y2=Dissolution after 15 min 
Y3= Turbidity 
Y4= Particle size 
Y5= Zeta potential 

Levels Used 
Low 

18 
7.2 
1.8 

1.6 
1.3 

Medium 

49.5 
32.4 
7.2 

82.06 
99.69 

High 

81 
57.6 
12.6 

Maximize 
>90 
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Table 8.2. Box-Behnken design: independent (X) and dependent variables (Y). 

Form 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

XI 
R-(+)-

limonene 
(mg) 

81 
81 
18 
18 
81 
81 
18 
18 

49.5 
49.5 
49.5 
49.5 
49.5 
49.5 
49.5 

X2 
Cremophor 

EL 
(mg) 

57.6 
7.2 
57.6 
7.2 
32.4 
32.4 
32.4 
32.4 
57.6 
57.6 
7.2 
7.2 

32.4 
32.4 
32.4 

X3 
Capmul-
GMO50 

(mg) 

7.2 
7.2 
7.2 
7.2 
12.6 
1.8 

12.6 
1.8 
12.6 
1.8 

12.6 
1.8 
7.2 
7.2 
7.2 

Y3 
Turbidity 
(NTUs) + 

SD 

63.20+2.3 
140.00+4.9 
9.73+3.5 
12.93±3.8 
16.80+2.3 
9.37+1.0 
5.13+0.9 
5.13+1.1 
14.37+2.4 
4.53+2.1 

108.33+11.2 
41.73+1.6 
7.67+3.9 
7.70+3.0 
8.23+2.4 

Y4 
Particle size 
(nm) + SD 

10.90+2.5 
49.83+4.1 
14.97+5.2 

>1000 
32.63+1.2 
39.37+8.1 
38.60+9.0 
24.73+2.4 
16.03+2.9 
31.33+3.1 
26.07+5.4 

123.10+12.3 
13.33+1.5 
29.50+3.9 
14.07+1.7 

Y5 
Zeta 

potential 
(;=mV) 

+ SD 
12.1+2.1 

62.3+11.1 
70.4+24.2 
58.02+3.98 
35.21+3.02 
27.0+5.43 
16.82+6.78 
12.99+2.87 
9.09+1.90 
16.82+2.98 
74.91+4.01 
49.76+6.1 
5.02+1.80 
4.11+0.99 
6.45+0.05 

139 



Table 8.3. Regression equations for Box-Behnken responses obtained. 

Yi= 78.503 + 6.058 * X, + 13.738 * X2+ 5.986 * X3 - 25.831 * X,^+ 9.12* X,X2-
26.03 X,X3 - 38.67 X2̂  +II.O2X2X3 -15.55 X3̂  

Y2= 92.7833 + 3.6975*Xi + 26.0337*X2 + 0.19875*X3 - 17.1992*Xi^ + 1.6625*X,X2 
12.6725*X,X3 - 46.6817*X2^ + 17.925*X2X3 - 6.81167*X3^ 
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Table 8.4. Analysis of Variance for Yi (Dissolution after 5 min). 

Source 

X, 
X2 
X3 

x,x, 
X1X2 
X1X3 
X2X2 
X2X3 
X3X3 
Total error 

Total (corr.) 

Sum of Squares 

293.668 
1510.03 
286.562 
2463.78 
332.698 
2711.81 
5523.27 
486.423 
893.288 
379.822 

13912.0 

Df 

5 

14 

Mean Square F-Ratio P-Value 

293.668 
1510.03 
286.562 
2463.78 
332.698 
2711.81 
5523.27 
486.423 
893.288 
75.9644 

3.87 
19.88 
3.77 
32.43 
4.38 
35.70 
72.71 
6.40 
11.76 

0.1064 
0.0066 
0.1098 
0.0023 
0.0906 
0.0019 
0.0004 
0.0525 
0.0187 

R-squared = 97.26 percent 
R-squared (adjusted for d.f) = 92.35 percent 
Standard Error of Est. = 8.71 
Mean absolute error = 4.56 
Durbin-Watson statistic = 2.27 
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Figure 8.1: Dissolution profiles of CoQ SNCDF formulations that are listed in table 8.2. 
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Figure 8.2: Standard pareto chart showing the effects of independent variables. Factor A 
(R-(+)-limonene), Factor B (Cremophor EL), Factor C (Capmul GMO-50) and 
their combined effects on the dmg release profiles of CoQ SNCDF 
formulation. 
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on dmg release profiles of CoQ SNCDF formulation. 
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Figure 8.4: Response surface plots showing the effect of independent variables on 
response Yi. Effect of varying ratio of R-(+)-limonene (Xi) and Capmul 
GMO-50 (X3) on the dmg release profiles, response Yi of CoQ SNCDF 
formulation. 
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Figure 8.5: Response surface plots showing the effect of independent variables on 
response Yi. Effect of varying ratios of R-(+)-limonene (Xi) and Cremophor 
EL (X2) on the dmg release profiles, response Yi of CoQ SNCDF 
formulation. 
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Figure 8.6: Response surface plots showing the effect of independent variables on 
response Yj. Effect of varying ratios of Cremophor EL (X2) and Cremophor 
EL (X3) on the dmg release profiles, response Yi of CoQ SNCDF 
formulation. 
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Figure 8.7: Contour plot showing the effects of varying ratios of R-(+)-limonene (Xi) and 
Cremophor EL (X2) on the dmg release profiles, response Yi of CoQ SNCDF 
formulation. 
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Figure 8.8: Dissolution profile of new optimized CoQ SNCDF formulation 
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CHAPTER 9 

9. Long-Term Stability Studies of Novel Coenzyme QIO 
Self-Nanoemulsified Capsule Dosage Form (SNCDF) 

9.1. Introduction 

Self-nanoemulsified drug delivery systems (SNEEDS) are isotropic mixtures of oil, 

surfactant, co-surfactant and dmg (Charman et al., 1992; Craig et al., 1993). These oil-in-

water emulsions suitable for formulation of lipophilic compounds are commonly used for 

parenteral, ocular, topical and oral administrations (Tamilvanan et al., 2001). Solubilized 

formulations of CoQ in oils have been reported to possess higher bioavailability (Chopra 

et al., 1998). CoQ solutions are more prone to photodegradation and the color of this 

yellow or orange crystalline powder gradually changes to dark yellow upon degradation. 

The color darkening is attributed to surface and stmctural changes and these 

physicochemical degradations affect the UV absorption of CoQ (Matsuda and Masahara, 

1983). In our laboratory we had developed a limonene based nanoemulsified form of 

CoQ (SNCDF) for oral administration. Because of the above mentioned 

photodegradation of CoQ with time, the stability of CoQ in the newly developed 

formulation was a major concem. Therefore, in the present smdy we focused on the 

testing of storage stability of novel CoQ self-nanoemulsified capsule dosage forms. 

Stability of a dosage form refers to the chemical and physical integrity of the 

dosage unit which can be influenced by the environmental conditions of storage such as 

temperature, light, air, and humidity as well as by the ingredients in the dosage form. 

Stability of the dosage form must be assessed using adequate methods and 

demonstrated by the manufacttirers to provide information for proper storage conditions. 
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Stability conditions and any changes that may warn of deterioration of dosage form due 

to dmg degradation should be specified in the labeling. The stability protocols given in 

official compendia such as United States Pharmacopia (USP), requires the studies to be 

conducted by means of long-term testing at specific temperattires and relative humidity 

(RH) representing storage conditions in the distribution chain of the climatic zones. The 

common intemational guideline for long-term stability assessment specifies controlled 

room temperature of 25°C ± 2°C at 60 ± 5% RH for 12 months. However, short term 

accelerated studies for interpretation of formulation stability, on short-term spikes in 

storage conditions, can also be carried out by using accelerated conditions of 40°C ± 2°C 

at 75 ± 5%) RH in order to meet the USP specifications for stability. 

Stability requirements for the worldwide registration of pharmaceutical products 

have changed dramatically in the past few years. The Food and Dmg Administration 

(FDA) has prepared and issued a series of guidelines on the design, conduct, and data 

analysis of stability studies of pharmaceuticals, under the auspices of the Intemational 

Conference on Harmonization of Technical Requirements for Registration of 

Pharmaceuticals for Human Use (ICH). The stability study has to be well designed so 

that the shelf life of the dmg product can be estimated with a high degree of accuracy and 

precision. The ICH tripartite guideline sets out the stability testing requirements 

considering the three areas of the European Union, Japan, and the United States as 

climatic zone II with the storage condition of 25°C with 60% RH. These guidelines were 

extended to countries of climatic zones III and IV by making the necessary adjustments 

to accommodate the different climatic conditions (Grimm, 1998). Storage conditions for 
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climatic zone III and IV were set at 30°C with 35% RH and 30°C with 70% RH 

respectively. United States of America is covered in climatic zone II and twelve month 

storage at 25°C with and without 60% RH for controlled room temperature long-term 

stability is required for products. ICH regulations also provide the stress testing 

conditions witii the aim of assessing the effect of severe conditions on the dmg product. 

Six months at 40°C with 75% RH was fixed as storage condition to generate accelerated 

conditions for assessing the organoleptic and physicochemical test parameters in order to 

predict the chemical stability. The predictive factor is 3.3 for 30°C (6 months at 40°C 

corresponds to 20 months at 30°C), and the intermediate testing at this temperature with 

60%) RH can also be considered for six months. ICH guidelines for thermolabile and 

photosensitive drugs are also available, and a stability testing at 4°C for six months 

should be included for temperature sensitive dmgs. Considering ICH guidelines, the 

stability of a dmg product is predicted in early stages by using the well known Arrhenius 

theory. According to this theory, log rate (In K) is proportional to the inverse absolute 

temperature (1/7) multiplied by the reaction's energy of activation (Ea) divided by R, the 

universal gas constant. The results from accelerated temperature stability are 

mathematically manipulated to yield a prediction of the performance of products aged at 

room temperature 

As mentioned earlier, the aim of this stability study is to check whether or not 

CoQ maintains its initial physiochemical characteristics over a given range in a defined 

period of time; to study the influence of the storage conditions on release kinetics of 

CoQ. The CoQ stability is estimated by measuring the content of the active ingredient. 
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CoQ at different preset time intervals. As the study was carried out in climate zone II, we 

used tiie specified long-term, accelerated and intermediate storage conditions, including 

4°C, 25°C, 37°C, 25°C with 60% RH, 30°C with 60% RH and 40°C with 75% RH. 

9.2. Materials and Methods 

CoQ was a generous gift from Kyowa Hakko, USA (New York, NY). R-(+)-

limonene was purchased from Sigma Aldrich (Milwaukee, WI). Polyoxyl 35 castor oil 

(Cremophor EL) was obtained from BASF Corp. (Mount Olive, NJ). Capmul GMO-50 

was obtained from Abitec Corp. (Janesville, WI). Size 3 hydroxypropylmethyl cellulose 

(HPMC) capsules were supplied by Shionogi Qualicaps (Whitsett, NC). HPLC grade 

methanol and n-hexane were purchased from VWR Scientific (Minneapolis, MN). All the 

chemicals were used as received. 

9.2.1. Formulation of CoO Self-Nanoemulsified 

Capsule Dosage Form (SNCDF) 

A novel self-nanoemulsified capsule dosage form (SNCDF) was prepared by 

solubilizing CoQ in R-(+)-limonene with the help of a surfactant, Cremophor EL and a 

co-surfactant which is also a bioavailability enhancer, Capmul GMO-50. CoQ and 

limonene were accurately weighed into a screw-capped glass vial and melted in a water 

bath at 37 °C. Cremophor EL and Capmul GMO-50 were added to the mix using a 

positive displacement pipette while the mixture was being continuously stirred with a 

magnetic bar. The molten formulation containing CoQ at a final loading of 30 mg/ 
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capsule were filled into size 3 HPMC capsules. Filled capsules were stored at different 

temperature and humidity conditions. 

9.2.2. Stability Testing 

The stability was evaluated at 4°C, 25°C, 37°C, 25°C with 60% relative humidity 

(RH), 37°C with 60% RH and 40°C with 75% RH for up to 6 months. About 45 capsules 

were stored in a amber colored two ounce glass bottles with screw cap. Saturated salt 

solutions of sodium bromide and sodium chloride were used to maintain the humidity of 

60%) and 75%) in the stability chambers. For each sampling three capsules were taken on 

specific days i.e. days 1 and 15 followed by longer durations of 1, 2, 3 and 6 months. The 

capsules were evaluated by dissolution studies to estimate the amount of active CoQ 

remaining in the formulation. 

9.2.3. Dissolution Testing to Evaluate the Effect of Storage 

Conditions on Dmg Release Profile 

The dissolution profiles of the capsules filled with the CoQ SNCDF were 

determined using USP2 rotating paddle apparatus (VK7000, VanKel, Cary, NC). The 

dissolution experiments were carried out at 37°C + 0.5 in triplicates for each sampling 

condition. Each dissolution chamber contained 900 ml of water and a rotating speed of 50 

rpm was maintained. Capsules were held to the bottom of the vessel using aluminum 

sinkers. Samples (3 ml) withdrawn after 5, 10 and 15 minutes were analyzed using HPLC 

method developed by Nazzal et al. (2001) for analysis of CoQ in aqueous samples. 
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9.2.4. HPLC Analysis 

The HPLC method used for the analysis of aqueous CoQ samples has been 

previously described by Nazzal et al. (2001). Briefly, CoQ was analyzed utilizing a C18, 

(3.9x150 mm reverse phase column (Nova-Pak; Waters, Milford, MA) at ambient 

temperatures. The mobile phase consisting of methanol: «-hexane (9:1), at a flow rate of 

1.5 mL/minute was used to elute CoQ at a wavelength of 275 nm. The samples were 

loaded in to the autosampler (712 WISP) and then analyzed using a Waters HPLC 

instrument attached to a 510 pump, and a 490E UV detector. The counts for area under 

the peak were determined using STAR 5.3 software (Varian, Walnut Creek, CA). 

9.2.5. Effect of Storage Conditions on CoO 

Physicochemical Characteristics 

9.2.5.1. Differential Scanning Colorimetry (DSC) of CoQ 

Approximately 5 mg of the CoQ SNCDF was sealed in the aluminum pan and 

analyzed using a differential scanning calorimeter (DSC 7, Perkin-Elmer, Norwalk, CT). 

Thermal analysis was carried out between 10°C and 75 °C under nitrogen gas flow against 

an empty reference pan at a heating rate of 10°C min"'. Lower temperatures were 

maintained using ice. 

9.2.5.2. Fourier Transform-Infrared Spectroscopy (FT-IR) 

Sample of semi solid CoQ SNCDF from stored containers was taken from capsules 

and analyzed. Analysis were performed by placing a small amount of the sample directly 

on the diamond disk and scanning for absorbance over the range from 4000 to 400 wave 
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numbers (cm'') at a resolution of 1 cm"'. FT-IR spectroscopy was performed using Nexus 

470 FT-IR (Thermo Nicolet, Madison, WI) attached to an attenuated total reflectance 

(ATR) accessory which is fitted with single bounce diamond at 45° intemally reflected 

incident lights. The sampling area was 1 mm in diameter with a sample depth of several 

microns. 

9.2.5.3. Turbidity Measurement 

Turbidity of the CoQ SNCDF emulsions resulting from dissolving a 30 mg CoQ 

formulation capsule in 900 ml of pre-warmed distilled water was measured using Orbeco-

Hellige turbidimeter (Model 966, Farmingdale, NY). Turbidimeter used in the study was 

carefiilly calibrated with formazin standards. Accuracy of the instrument is essential 

especially for small and diluted emulsions with high surfactant concentrations. The 

results of turbidity are given in nephlometric turbidity unit (NTU) and the accuracy of the 

above turbidimeter calculated was approximately ±0.01 NTU with stray light less than or 

equal to 0.01 NTU. 

9.2.5.4. Droplet Size Analysis 

The droplet size distribution of the resultant emulsions obtained by dissolving a 

CoQ SNCDF capsule in distilled water was determined by taking the emulsion in a small 

glass tube (60X50 mm). The particle size, volume diameter was measured using particle 

sizing system (NiComp PSS ZW380, Santa Barbara, CA). All studies were repeated, with 

good agreement being found between measurements. 
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9.2.5.5. Zeta Potential Measurement 

A 30 mg CoQ SNCDF capsule from storage container was sampled and dissolved 

in 900 ml of pre-warmed distilled water. The resuhant nanoemulsion was taken in a 

cuvette; the electrodes were attached and placed in the ZW380 for measurement. Each 

sample was analyzed in triplicates using automatic mode. The difference in potential 

between the surface of the electro-neutral region of the solution and the surface of tightly 

bound layer of ions on the particle is known as zeta potential. The zeta potential was 

measure by using NiComp PSS ZW380 (Santa Barbara, CA). 

9.3. Results and Discussion 

The optimized limonene based self-nanoemulsified capsule dosage forms were 

subjected to different storage conditions. The effect of storage conditions on dissolution 

profiles of CoQ SNCDF are presented in Figures 9.1 through 9.6. Moore and Flaimer 

(1996) developed two equations (equations 9.1 and 9.2) that evaluate the difference 

between the percent dmg dissolved per unit time for a test and a reference formulation 

(Moore and Planner, 1996). The equation 9.1, given in terms of fit value (/I) is a 

perturbation of the relative error formula which approximates the percent error between 

two curves. 

/ i 

Y,\Rt-Tt\ 
t-\ 

H^f 
xlOO Equation 9.1. 

Where Rr is the cumulative percent dmg dissolved for the reference assay at time point t, 

Tt is the cumulative percent dmg dissolved for test assay at the same time point t and n is 

157 



the number of time points. The test and reference profiles are considered identical when 

the percent error (/",) is zero to < 15% and the same increases with dissimilarity between 

these two profiles. 

The second equation for similarity factor is a logarithmic transformation of the sum 

of squared errors: 

/ 2 = 5 0 log fl(-K)-PFî  {Rt-Ttf 
s-0.5 

xlOO^ Equation 9.2 

The equation gives the average sum of square of the differences between test and 

reference profiles, incorporating an optional weight factor Wt for the values that are 

deemed more important than others. However, in dissolution testing, this factor was 

considered 1 for all the time points to show equal importance of all the time points. 

Generally the similarity factor (/}) range from 50 to 100 is considered to represent 

similarity of the test and reference profiles (ODER 1997; Goskonda et al., 1998; Khan et 

al., 2000). The dissolution profiles for the stability study are compared using this model 

independent approach in terms of difference factor (/]) and a similarity factor (^) for 

simplicity. The dissolution profile of freshly prepared CoQ SNCDF was considered as 

reference profile and is given as initial in all the figures. The dissolution profiles of the 

CoQ SNCDF capsules collected periodically during the stability studies were considered 

as test. 
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The fit factors (/i) and (̂ 2) for tiie CoQ SNCDF stored at different temperatures are 

given in Tables 9.1 through 9.6. From these tables it can be concluded that the CoQ 

SNCDF capsules stored at lower temperatures (4 °C, 25 °C and 25 °C at 60% RH) 

showed similar profiles as that of reference profile. Figures 9.1 through 9.3 indicate 

identical release profiles of CoQ from formulations subjected to the lower temperatures. 

The formulation stored at 30°C at 60% RH and 37°C was also found to be stable for a 

period of 2 months (Figures 9.4 and 9.5). However, longer duration of 3 and 6 months 

showed dissolution profiles that are slightly different from the reference. This could be 

explained by the fact that HPMC capsules are labile to higher temperatures and moisture 

conditions. HPMC capsules melt at 37°C, and are also soluble in aqueous media. Due to 

melting of HPMC capsules at higher temperature and humidity conditions, there is a 

possibility of dmg and formulation leakage from the capsules stored at these 

temperatures. Similar and rapid loss of dmg was observed at accelerated stability studies, 

when the CoQ SNCDF was stored at 40°C at 75% RH for longer than one month storage 

period (Figure 9.6). The consistent stability of CoQ SNCDF at lower temperatures 

indicates the stability of CoQ when stored at room temperature or in the refrigerator. 

However, the observed change in the dissolution profiles of formulation stored at higher 

temperatures requires fiirther studies on physicochemical characterization to delineate the 

possible dmg degradation. 

Physicochemical characterization of CoQ SNCDF was carried out by measuring 

the particle size, turbidity and zeta potential. The results illustrating the effect of storage 

conditions on turbidity of emulsions when dissolved in water are summarized in Table 
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9.7. Turbidity is measured in nephalometric units (NTUs) and a lower turbidity value 

indicates better emulsion formation. The results of these turbidity values were compared 

with the initial values of the optimized formulation which are given in chapter 8. All the 

values obtained were less than 200 NTUs and there was no specific trend of an increase 

in turbidity. Since, no significant difference was indicated and no particular pattem was 

followed for the turbidity changes, this test does not appear to provide conclusive 

evidence of stability for SNCDF. 

Systematic characterization of oil-in water emulsions requires the evaluation of 

particle size, zeta potential and turbidity measurement (Roland et al., 2003). The resuhs 

for particle size analysis of the CoQ SNCDF are demonstrated in Table 9.8. These results 

indicate no significant effect of storage conditions on the formulation of nanoemulsions. 

All test samples showed an average droplet size of < 100 nm and the dissolution profiles 

revealed the stability CoQ SNCDF. 

The surface properties of nanoemulsions formed from CoQ SNCDF subjected the 

storage conditions were evaluated by measuring the zeta potential. Zeta potential is the 

measure of surface charges and indicates the stability of emulsions (MuUer and Jacob, 

2002). A zeta potential value -30 mV or more is used as indicative of electrostatic stable 

emulsions and a value of > -20 represents physically stable emulsion or suspensions 

(MuUer, 1996; Ney, 1973; Riddick, 1968). The zeta potential values of CoQ SNCDF 

stored at different conditions are presented in Table 9.9. All the values obtained were 

negative and were found to be sufficientiy high to be considered as electrostatically and 

sterically stable. 
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Thermal analysis and FT-IR studies were performed to understand the changes in 

CoQ physicochemical properties and interactions. The results of DSC studies indicated 

no significant change in the peak time for the CoQ SNCDF stored at lower temperatures 

(Figure 9.7). This indicates the stability of CoQ when stored at lower temperatures, which 

is in accordance with the dmg release as shown in the dissolution profiles. The DSC 

thermograms of CoQ SNCDF stored at higher temperatures for 6 months are presented in 

Figure 9.8. The figure illusttates broader peaks for these test samples. However, the 

change in melting point was not significantly different from that of the reference, 

indicating the stability of CoQ in these samples. The broadening of peak is indicative of 

impurities, and could be due to leakage of moisture of other impurities at higher 

temperatures. From the thermal analysis it can be concluded that the decreased dmg 

release from the CoQ SNCDF stored at higher temperatures could to due to leakage of 

formulation or intact dmg from the capsules. FT-IR studies, performed after 6 months 

storage of CoQ at all the above mentioned storage conditions revealed no significant 

changes in the CoQ initial spectra. This fiirther confirms the stability of CoQ in SNCDF. 

However, the decreased dmg release in the dissolution profiles consistently at higher 

temperatures, suggest tiiat SNCDF should be stored at lower temperatures and humidity. 

The results also indicate the need for establishment of specific storage conditions for 

estimation of self-nanoemulsified dmg delivery systems stability. At this time, there is no 

specific FDA guideline and SUP procedures for the evaluation of SNCDF preparations. 
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9.4. Conclusions 

A systematic characterization of CoQ SNCDF revealed long term stability of CoQ 

SNCDF at lower temperature and humidity conditions and meet the ICH requirements. 

The release of CoQ from the CoQ SNCDF was found to be stable when refrigerated or 

stored at room temperature. Hence, the CoQ SNCDF formulations should be stored at 

lower temperatures to preserve the potency. The decreased release rate at higher 

temperatures should be further evaluated and may be improved by addition of 

antioxidants in the formulation. 
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Table 9.1. Fit factors/i and/2 showing the effect of storage condition, 4 °C on dissolution 
profiles of CoQ SNCDF emulsions. 

4 ° C 

Fl (<15) 

F2(>50) 

Average Dev. 

15 days 

1.64 

87.68 

1.45 

1 month 

2.02 

83.62 

1.88 

2 months 

3.23 

75.87 

2.87 

3 months 

2.26 

80.98 

2.18 

6 months 

2.93 

76.14 

2.83 
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Table 9.2. Fit factors/i and/2 showing the effect of storage condition, 25°C on 
dissolution profiles of CoQ SNCDF emulsions. 

25 °C 

Fl (<15) 

F2 (>50) 

Average Dev. 

15 days 

2.62 

74.58 

3.06 

1 month 

5.24 

64.94 

4.93 

2 months 

4.84 

66.23 

4.63 

3 months 

9.37 

50.07 

9.92 

6 months 

7.17 

56.37 

7.39 
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Table 9.3. Fit factors/ a n d / for comparing the dissolution profiles of CoQ SNCDF 
emulsions stored at 25 °C at 60%o relative humidity (RH). 

25 ° C & 60% 

Fl (<15) 

F2 (>50) 

Average Dev. 

15 days 

2.96 

75.82 

2.88 

1 month 

5.34 

64.50 

5.03 

2 months 

7.34 

57.91 

6.87 

3 months 

10.07 

52.40 

8.90 

6 months 

6.07 

61.00 

5.94 
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Table 9.4. Fit factors/ a n d / showing the effect of storage condition, 37 °C on 
dissolution profiles of CoQ SNCDF emulsions. 

37 "C 

Fl (<15) 

F2 (>50) 

Average Dev. 

15 days 

1.19 

89.31 

1.29 

1 month 

4.91 

66.78 

4.51 

2 months 

10.43 

52.48 

8.87 

3 months 

13.07 

47.65 

11.10 

6 months 

10.77 

51.48 

9.29 
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Table 9.5. Fit factors/ and/ for comparing the dissolution profiles of CoQ SNCDF 
emulsions stored at 25 °C at 60% relative humidity (RH). 

3 0 ° C & 
60% RH 

Fl (<15) 

F2 (>50) 

Average Dev. 

15 days 

4.48 

65.46 

4.80 

1 month 

9.90 

52.09 

9.03 

2 months 

13.90 

44.45 

12.88 

3 months 

22.70 

33.01 

21.84 

6 months 

28.25 

30.04 

25.05 
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Table 9.6. Fit factors/ and/ showing the effect of storage condition, 25 °C on 
dissolution profiles of CoQ SNCDF emulsions. 

4 0 ° C & 
75% RH 

Fl (<15) 

F2 (>50) 

Average Dev. 

15 days 

5.84 

56.58 

7.32 

1 month 

16.18 

42.00 

14.42 

2 months 

19.57 

37.13 

18.06 

3 months 

27.16 

29.93 

25.18 

6 months 

38.76 

23.58 

33.74 
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Table 9.7. Effect of storage conditions on emulsion turbidity 

Storage 
Conditions 

4°C 

25° C (Room 
Temperature) 

25° C witii 
60% RH 

37° C 

30° C with 
60% RH 

40° C with 
75% RH 

Turbidity NTUs + sd 

15 days 

68+8.1 

78+1.6 

64+2.7 

108+8.5 

86+8 

90+8.9 

1 month 

70+6.4 

99+4.2 

79.3+6.5 

85.5+8.2 

78+4.5 

77+6.14 

2 months 

78.2+5.2 

58.2+2.1 

85.2+2.2 

34.2+3.7 

67.2+5.2 

74.2+6.2 

3 months 

73+2.1 

31+5.6 

85.3+2.9 

72.4+3.8 

78.9+1.8 

71.2+1 

6 months 

90+3.2 

69+4.6 

93+4.1 

71+3 

120+4.9 

95+4.1 
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Table 9.8. Effect of storage conditions on particle size of emulsions 

Storage 
Conditions 

4°C 

25° C (Room 
Temperature) 

25° C with 
60% RH 

37° C 

30° C with 
60% RH 

40° C with 
75% RH 

15 days 

71.4+1.2 

56.1+2.7 

65.4±2.9 

72.1+4.4 

90.3+8.1 

96.1+8 

Particle size (nm 

1 month 

72+6.1 

89+4.4 

72.1+5.4 

65.3+8.1 

75.7+3.8 

77.5+4.6 

2 months 

68.2+2.5 

80.2+1.8 

80.2+7.2 

74.2+7.3 

76.5+3.5 

70.6+6.1 

) + sd 

3 months 

73.5+2.9 

49.1+5.3 

85.3+2.5 

59.4+3 

52.9+1.9 

71.2+1.3 

6 months 

84.1+3 

96+4 

40.3+1.7 

61+3.9 

20.4+4.1 

58.3+5.8 
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Table 9.9. Effect of storage conditions on Zeta potential of emulsions 

Storage 
Conditions 

4°C 

25° C (Room 
Temperature) 

25° C with 60% 
RH 

37° C 

30° C with 60% 
RH 

40° C witii 75% 
RH 

Zeta potential (mV) + sd 

15 days 

- 40.6+2 

-83+1.8 

-64+2.7 

-10+8.5 

-32+0.1 

-69+1.9 

1 month 

-37.4+4.3 

-10+2.4 

-9.3+0.5 

-5.5+0.2 

-8+0.5 

-17+6.4 

2 months 

-58.1+1.3 

-25.2+2 

-7.2+2.2 

-34.2+3.1 

-47.2+5 

-14.2±1.2 

3 months 

-67+1.6 

-31+5.6 

-51.3+2 

-27.4+8.1 

-28.9+1.5 

-11.2+3.1 

6 months 

-45+3 

-61+6.3 

-93+4.4 

-71+3.8 

-20+4.1 

-25+4.4 
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Figure 9.1: Effect of storage temperature (4°C) of dissolution profiles of CoQ SNCDF 

174 



10 
Time (min) 

15 

Initial 

15 days 

1 month 

2 months 

3 months 

o 6 months 

20 

Figure 9.2: Dissolution profiles of CoQ SNCDF stored at room temperature (25°C) 
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Figure 9.5: Dissolution profiles of CoQ SNCDF stored at lower temperature (37°C) 
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Figure 9.6: Dissolution profiles of CoQ SNCDF stored at higher temperature (40°C with 
75% RH). 
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Figure 9.6: Dissolution profiles of CoQ SNCDF stored at higher temperature (40°C with 
75% RH). 
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Figure 9.7: DSC thermograph of CoQ SNCDF stored at different lower temperatures and 
humidity conditions (4°C, 25°C and 25°C at 60% RH) for 6 months, a. CoQ 
initial, b. SNCDF of CoQ stored at 4°C for 6 months, c. SNCDF of CoQ 
stored at 25°C for 6 months, d. SNCDF of CoQ stored at 25°C with 60% RH 
for 6 months. 

180 



8 

I 

I JIB 

I 
19. B 

tft.» 

9.9 

Tliiy ii'iffii*.* t*e) 

— I — ace 
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75% RH for 6 months. 
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Figure 9.9: FT-IR Spectra of CoQ SNCDF after storage period of 6 months at different 
storage conditions. 
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CHAPTER 10 

10. A Sensitive Hplc Method for Determination of Coenzyme QIO 
in Rat Plasma and Relative Bioavailability of 

Coenzyme QIO Self-Nanoemulsified Systems in Rats 

10.1. Introduction 

Coenzyme QIO (CoQ), belonging to a group of naturally occurring quinones, is the 

only endogenous lipophilic antioxidant that is present ubiquitously in all cell membranes. 

CoQ is essential for generation of adenosine triphosphate (ATP) which is the energy 

source for all living cells. CoQ is recommended as a nutritional supplement, and due to 

its antioxidant activity, it is also used in the freatment of various cardiovascular and 

neurodegenerative diseases. The low solubility of the CoQ in aqueous systems is a major 

problem for the formulation of this compound as it resuhs in low oral bioavailability 

(Greenberg and Fishman, 1990; Overvad et al., 1998). Different kinds of preparations 

have been made to improve the oral bioavailability of CoQ including sugar-coated 

tablets, oil based formulations, solid dispersions and emulsions (Kishi et al., 1984; Weis 

et al., 1994; Nazzal et al., 2002). However, the reported oral bioavailabilities of CoQ are 

conflicting with variable maximal plasma concentrations ranging from 0.3 to 3.5 |a./ml 

(Chopra et al., 1998; Kommum et al., 1999). 

Eutectic based self-nanoemulsified dmg delivery systems (SNEDDS) have been 

developed in order to overcome the drawbacks of the traditional emulsified systems such 

as low solubility and irreversible precipitation of the active dmg in the vehicle with time. 

However, there have been no attempts to study the in vivo performance of SNEDDS. In 

our laboratory, the use of chiral essential oil component, limonene in SNEDDS was 
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evaluated and a limonene based self-nanoemulsfied capsule dosage form (SNCDF) 

developed. In this study, the in vivo performance of these two systems; SNEDDS and 

SNCDF was evaluated by measuring the CoQ plasma concentration after oral 

administration to rats. 

Quantitation of CoQ remains a challenging task inspite of a plethora of research 

in this area. Different authors have developed methods for the determination of CoQ in 

biological fluids by various techniques, including thin layer liquid-chromatography 

(TLC) (Muratsu et al., 1988), mass spectrometry (Imabayashi et al., 1979) and HPLC 

witii electro-chemical (Okomoto et al., 1985; Lonnrot et al., 1998) or UV detection 

(Kommum et al., 1998). A critical search of the literature reveals that the HPLC method 

is the technique of choice for the separation and determination of CoQ homologs in 

biological samples (Kishi et al., 1984; Muratsu et al , 1988; Scalori et al, 1990; Zhang et 

al., 1998; Kommuru et al., 1998 and Tumnen et al., 1999). Though the methods cited are 

selective, they require large volume of blood or plasma samples, which is not practical 

with human patients. There are few methods that require only one drop of human blood 

to determine CoQ levels, but are laborious and time consuming (Morita and Folkers, 

1993). The essentiality of dmg bioavailability studies in smaller animals necessitates 

refinement of the available analytical methods which will be able to detect CoQ in the 

lower blood volumes available with small animals. Generaly, the HPLC method for CoQ 

analysis requires laborious sample preparation steps including liquid-liquid extraction 

followed by solid phase exttaction. Due to the limitations of blood volume that can be 

collected from smaller animals, the methods must be selective and sensitive to determine 
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CoQ levels accurately in smaller sample volumes. They must also be robust enough to 

avoid the loss of sample during the multi-step treatments. 

As an official monograph of CoQ does not exist in any pharmacopoeia, the aim of 

our study was the development of a selective and sensitive chromatographic method for 

the rapid determination of CoQ in smaller volume of biological samples. This paper 

describes the development of a practical, selective and sensitive HPLC method for the 

determination of CoQ from plasma as low as 50 î l. This method is based on previously 

published papers (Kommuru et al., 1998; Zaghloul et al., 2002). This HPLC method has 

been used in the current investigation to compare the bioavailability of CoQ from two 

different formulations following oral adminisfration to rats. 

10.2. Materials and Methods 

Coenzyme QIO was received as a gift from Kyowa Hakko, USA (New York, NY). 

R-limonene, trichloroacetic acid (TCA) and the intemal standard. Coenzyme 9 (CoQ9) 

were purchased from Sigma Aldrich (St. Louis, MO). Polyoxyl 35 castor oil (Cremophor 

EL) was obtained from BASF Corp. (Mount Olive, NJ). Capmul GMO-50 was received 

as a gift from Abitec Corp. (Janesville, WI). Gelatin capsules (Size 9) for rodents were 

purchased from Torpac Inc. (Fairfield, NJ). Sep-Pack Vac RC silica -lOOmg solid phase 

extraction cartridges, Nova-Pak C18 RP (4 |xm, 150 X 3.9 mm) column and guard 

column (7.5 x 4.6 mm) were purchased from Waters (Milford, MA). HPLC grade 

methanol and n-hexane were purchased from VWR Scientific (Minneapolis, MN). 

185 



10.2.1. Standard Solutions 

Stock solutions of CoQ were prepared by dissolving CoQ in n-hexane (Img/ml). 

Further dilutions of the stock solution for preparation of the calibration standards were 

carried out daily using n-hexane as diluent. Stock solution of intemal standard CoQ9 was 

prepared by dissolving 2 mg of CoQ9 in 25 ml of n-hexane by vortexing. Stock solution 

of 5%) TCA was prepared by dilution of 5% v/v of 100% TCA with distilled and 

deionised water. Calibration standards were prepared with stock solution of CoQ to 

produce concenfrations of 0 (blank, n-hexane), 5, 10,20, 30,40, 50, 75 and 100 ng/ml. 

10.2.2. Preparation of Test and Control Formulations for 

Oral Bioavailability Study 

The confrol and two test formulations were prepared and used for the estimation of 

in vivo performance of CoQ self-nanoemulsified formulations. Pure CoQ powder, 

purchased from Sigma and filled into size 9 rodent capsules served as control. The Test 1 

capsules were preparations of limonene based CoQ self-nanoemulsified capsule dosage 

form (SNCDF), which was prepared by dissolving CoQ in R-(+)-limonene with sufficient 

quantities of surfactant and co-surfactant at 37°C with continuous stirring with a 

magnetic bar. The formulation was filled into size 9 gelatin capsules customized for 

rodents and used immediately. The Test 2 capsules were preparations of eutectic based 

CoQ self-nanoemulsified dmg delivery system (SNEDDS). These were prepared by 

melting CoQ and lemon oil to form eutectic mixture. The mixture was heated to 37°C 

while stirring with a magnetic bar until eutectic melting was achieved. An emulsion was 
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fonned witii tiiis mixture by using sufficient quantities of surfactant and co-surfactant. 

The formulation was filled into gelatin capsules (size 9) and used for further sttidies. 

10.2.3. Bioavailability Studies 

Eighteen male Sprague-Dawley rats (Charles River Laboratories, Chariotte, NC) 

weighing 250-300 g were used. The rats were split into three groups of 6 animals each. 

The rats were anesthetized by injecting a mixttire 2:1 ketamine (lOOmg/ml): xylazine 

(20mg/ml) inframuscularly. Initial dose of the anesthetic at 0.3 ml/300 g body weight was 

followed by a maintenance dose of 0.2 ml/ 300g body weight during sampling. The first 

group was administered a single dose of the control capsule (15 mg CoQ/kg), while the 

second and third group received Test 1 and Test 2 capsules respectively containing a dose 

corresponding to 15 mg/kg CoQ. Blood was collected into heparin coated tubes from tail 

vein at 0, 0.5, 1, 2, 4, 6, 8, and 12 hrs after dmg administration. Plasma samples was 

separated immediately by centrifugation at 3000 g for 10 minutes at ambient temperature 

and stored at -20 °C until the analysis for CoQ. Plasma concentration of CoQ after oral 

administration was determined by using HPLC method described above. For in vivo 

studies, n = 6 rats were used for both groups. Samples were appropriately measured and 

averaged. All studies were approved by the Institutional Animal Care and Use Committee 

and were conducted in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals (Protocol # 03019-08). 
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10.2.4. Sample Preparation 

For the calibration plot, 50 |al of plasma was taken into centrifuge tubes and 25 |al 

of intemal standard CoQ9 and 50 |al of the above prepared calibration standards of CoQio 

were added and vortex-mixed. This solution was deproteinized by precipitating out the 

proteins witii 100 îl of 5%) TCA and the first extraction of coenzymes was performed 

using 200 1̂1 n-hexane. The mixture was vortex-mixed for 10 min and then centrifiiged at 

6000 g for 10 min at ambient temperature to separate the hexane and TCA layers. The top 

layer (first exfraction) was then transferred into a fresh centrifiige tube. Two more 

extractions were carried out with the same sample by adding 200 |al n-hexane each time. 

The combined supematants from the three extraction steps were then passed through a 

100 mg silica-solid phase extraction cartridge (wide mouth) previously activated with 5 

ml of n-hexane and mounted on vacuum manifold system. The hexane extract was 

collected on the silica carfridge by applying vacuum until all the solution drained through 

(~2 min). The collected coenzymes were then eluted from silica cartridge into a fresh 

glass vial using 500 |j,l of mobile phase (90% methanol and 10% n-hexane). From this, 

100 1̂1 samples was injected on to the HPLC column for coenzyme analysis. 

10.2.5. Extraction Efficiency 

The extraction efficiency to recover CoQ and intemal standard CoQ9 from rat 

plasma samples was tested using samples containing 100 ng/ml CoQ and appropriate 

concenfration of intemal standard CoQ9. These samples were subjected to exttaction 

processes as mentioned above. The peak areas of CoQ and CoQ9 in these extracted 
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samples were compared with the peak areas of samples containing equivalent 

concenttations of CoQ and CoQ9 (100 ng/ml). 

10.2.6. Chromatography 

A Varian Chromatography workstation consisting of two Dynamax SD-200 pumps 

a Prostar AI-200 autosampler fitted with a 100 |al injection loop, a Dynamax UV-1 

detector and Star 5.3 chromatography software system was used. The samples of 

coenzymes were analyzed by using a reversed phase Nova-Pak CI8 column at 275 nm. 

Isocratic elution with a mobile phase of 90% methanol and 10% n-hexane was carried out 

at a flow rate of 1.5 ml/min. 

10.2.7. Assay Validation 

The assay method was validated according to a previously reported method (Shah 

et al., 2003). Briefly, the intra and inter-mn precision and accuracy of the assay (n=5) 

were determined by estimation of percent coefficient of variation (C.V) and percent error 

value respectively. Control samples of coenzymes containing three different 

concentrations (lowest, middle and highest of the calibration curve) were run along with 

the calibration curve. The data were weighed by 1/concentration. The concentrations of 

the quality confrol samples were then determined using calibration curve and the same 

were used for fiirther calculations. The percent error values were calculated using the 

following equation. 

Concentration observed - Concentration expected 
Percent error = — X 100 

Concentration expected 
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10.2.8. Data Analysis 

The area under the curve (AUCo^24hr) for plasma CoQ-time curve was calculated 

using the trapezoidal method. 

10.2.9. Statistical Analysis 

Analysis of variance was performed for Cmax and AUC determinations from all the 

three groups followed by Dunnet Multiple Comparison with p values < 0.05 as minimum 

level of significance. 

10.3. Results and Discussion 

CoQ, a multifimctional enzyme, remains a difficult compound for quantitative 

analysis. Despite a number of reported methods of analysis, there is a need for a simpler 

and reproducible analytical method for analyzing CoQ in biological samples obtained in 

smaller volumes. Reversed phase HPLC assays have been developed and used for 

analysis of CoQ from dog or human plasma (Kommum et al., 1998). However, all the 

available methods for quantification of CoQ require a minimum of 1 ml plasma for 

analysis. Hence, when studies are conducted in smaller animals, such as rats, the animals 

are usually sacrificed after each time intemal and the blood collected from the dead 

animals is used for analysis (Scalori et al , 1988, 1990). The development of an HPLC 

method for estimation of CoQ in smaller volumes of blood would avoid the variability in 

data and same animals can be used to obtain blood at different time intervals. A reversed 

phase HPLC method with higher sensitivity and exttaction efficiency was developed 

using the stated chromatographic conditions. A typical chromatograph CoQ without 
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intemal standard is presented in Figure 10.1. The intemal standard CoQ9 extracted from 

50 1̂1 of rat plasma samples is eluted at approximately 2.6 minutes as depicted in Figure 

10.2. The calibration plot was prepared with a good linear relationship (r̂  = 0.998) and 

the slope from this plot (Figure 10.3) was used for estimating the CoQ levels in rat 

plasma. The intra and inter day run assay validation data for plasma samples extracted are 

reported in Table 10.1. The accuracy and precision of the plasma samples assayed are 

demonstrated by error values of < 13 % and C.V. values of < 12.9 %, respectively for 

both intta and inter-run data (Table 10.1). Based on these results the lower limit of 

quantitation of the assay using as low as 50 |j,l of rat plasma samples was found to be 40 

ng/mL. 

The extraction recoveries of CoQ and intemal standard from rat plasma samples 

were > 95.2 ± 4.5 and 100 ± 9.5%) respectively, indicating that this method can be used 

efficiently to determine as low as 40 ng/ mL concentrations of CoQ from only 50 |il of rat 

plasma samples. 

Figure 10.4 depict the comparative picture of size 9 capsules used in the present 

sttidy and regular HPMC size 0 capsules. The size 9 capsules are special capsules (2.65 

mm X 8.6 mm maximum) ideal for materials that are insoluble, form poor suspensions 

and are affected by excipients. Also they eliminate excipients absorption affects and are 

advocated for delivery of dmgs to lower GI tract (Torpac, Inc., Fairfield, NJ). Because of 

the small size, the soft gel capsules could be easily administered to rats. 

CoQ is being advocated as a food supplement as well as therapeutic dmg for 

various diseases. Because of its multifimctional roles, there has been intense research in 

191 



the field of CoQ formulation. In tiie present study, we compared the bioavailability of 

CoQ when delivered in two types of nanoemulsified systems compared to powder form. 

For preparing the emulsion of CoQ nanoemulsified systems different excipients and 

surfactants were used. The plasma profiles of CoQ in rats following single oral dose 

administration of powder filled capsules (control) and two self-nanoemulsified dmg 

delivery systems; limonene based (Test 1) and eutectic based (Test 2) were determined 

by tiie HPLC metiiod. The endogenous plasma levels of CoQ in the test and control rats 

were determined from plasma samples collected at zero hour. The plasma concentrations 

vs. time profiles of control and test formulations are shown in Figure 10.5. The 

pharmacokinetic parameters namely, Cmax, Tmax and AUC of CoQ in rat are summarized 

in Table 10.2. For the two formulations and control, the Tmax was found to be 4 hr after 

oral administration of the capsules. The CoQ maximum values seen at 4 hr for the two 

test formulations decreased rapidly subsequentiy. After 8 hr of oral dose, the levels of 

CoQ were similar in the test as well control groups. The plasma peak for CoQ seen at 4 

hr is slightly different with previous reported study (Scalori et al., 1988), where the 

maximum levels were seen at 3hr. The CoQ present in the capsules is in the oxidized 

form and over a period of time it undergoes reduction in the circulatory system to give 

reduced forms of the CoQ. The reduced CoQ is less liphophilic than oxidized CoQ. This 

results in reduced bioavailability of the CoQ which may account for the reduction in CoQ 

levels in plasma as seen after 8 hr of oral administration of the dmg to the test groups. 

The average endogenous level of CoQ was found to be 9 |ag/mL and no 

significant difference (P <0.05) was found in the three groups tested. However, the AUC 
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and Cmax values for the two self-nanoemulsified systems tested were significantly greater 

as compared to that of conttol (P <0.05). The Cmax values were similar for the SNEDDS 

and SNDCF administered groups (Figure 10.5). The maximum AUC was seen with 

SNEDDS group at 4.38+0.45 |ig /L/hr compared to 3.70+0.36 ng/L/hr for SNCDF group 

and 0.61 ±0.015 îg /L/hr for control group (Figure 10.6). Hence a 7.3-fold increases in 

plasma CoQ levels with SNEDDS and a 6.2-fold increase with SNDCF was achieved. 

This increase in plasma levels shows that formulation of CoQ with particular excipients 

and delivery in SNEDDS or SNDCF could enhance the bioavailability of CoQ. Hence, 

the intestinal absorption of CoQ can be markedly effected by the oral dosage form, here 

nanoemulsified systems. The nanoemulsified systems, because of their small size, can 

have more access to target sites on the gastrointestinal tract for more efficient adsorption 

of CoQ. Such formulations which can increase the bioavailability of CoQ have high 

pharmaceutical significance as it will reduce the otherwise high dose required for oral 

delivery of CoQ (Scalori et al., 1990). CoQ is an especially difficult compound due to its 

virtual insolubility in aqueous media, ft has been shown that fat soluble vitamins have 

higher adsorption when delivered in aqueous or emulsion vehicles as compared to oily 

preparations (Wahlqvist et., 1998). Cremophor EL and Capmul GMO-50 are well known 

emulsifiers and we have shown in a previous sttidy carried out in our laboratory that they 

are not cytotoxic (Palamakula and Khan 2004). 

The differential bioavailability seen with the two formulations may be attributed 

to the varying formulation factors. Different constituents in the formulation may affect 

the absorption of the fat soluble compound. But, the difference in AUC is not statistically 
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significant for the two nanoemulsified dmg delivery systems as both showed significant 

improvement of oral bioavailability as compared to powder form of CoQ. 

10.4. Conclusions 

The result from the present study indicates that the quantitation of CoQ in as low 

as 50 |xl of rat plasma samples was possible by HPLC method using UV detection. The 

bioequivalence study of the two formulations revealed that the two nanoemulsified 

preparations of CoQ were effective in increasing the bioavailability of otherwise poorly 

adsorbed fat soluble compound, CoQ. A single dose could improve and maintain the CoQ 

levels significantly above the basal levels with a maximum absorption occurring at about 

4 hr after oral adminisfration. Due to these promising bioavailability results seen with the 

oral delivery of novel nanoemulsified forms of CoQ, we can envisage these formulations 

to be used as more effective oral dosage forms of CoQ for humans. 
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Table 10.1: HPLC Intra-run and Inter-mn accuracy and precision of the assay 

Added 
concentration 

(ng/mL) 
40 

100 

1000 

Calculated 
concentration (ng/mL) 

Intra-run 

38.823 

104.211 

1133.969 

Inter-mn 

38.588 

105.025 

1129.160 

%CV 

Intra-mn 

2.840 

1.108 

2.628 

Inter-mn 

1.799 

0.186 

1.533 

% Error 

Intra-mn 

-2.942 

4.211 

13.397 

Inter-mn 

-3.531 

5.025 

12.916 
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Table 10.2. Pharmacokinetic parameters of CoQ self-nanoemulsified dmg delivery 
systems in rat plasma. 

PK parameters 

Tmax (hr) 

Cmax (|ag/mL) 

AUCotoi2hr(^g/L/hr) 

Control 

4 

0.105±0.007 

0.606+0.0149 

SNCDF 

4 

1.01+0.0167 

3.705±0.364 

SNEDDS 

4 

1.017+0.141 

4.38+0.454 
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Figure 10.1: Typical high performance liquid chromatogram for CoQ 10 
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Calibration Plot for Extracted Rat Plasma Samples 
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Figure 10.3: Calibration plot for determination of CoQ concentrations in rat plasma 
samples. 
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Figure 10.4: Comparison of CoQ powder filled regular HPMC size 0 capsules with size 9 
gelatin capsules used for oral administration to rats. 
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Figure 10.5: Plasma concentration time profiles of CoQ formulations in rats following 
administration of single oral dose. 
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CHAPTER 11 

11. Relative Oral Bioavailability of Coenzyme QIO 
Self-Nanoemulsified Dmg Delivery Systems in Human Subjects 

11.1. Introduction 

Coenzyme QIO (CoQ) is an essential cofactor of the electron transport chain as 

well as a potent free radical scavenger in lipid and mitochondrial membranes and may 

play a role in the permeability transition of the inner mitochondrial membranes (Fontaine 

et al., 1998; Gille and Nohl, 2000). CoQ is a nutraceutical compound and is marketed as 

over-the-counter (OTC) dietary supplement. CoQ is used in adjuvant therapies for several 

disease conditions including congestive heart failure and cancers (Maulik et al., 2000; 

Zhou et al., 1999). Because of this designation, it is not regulated by the Food and Dmg 

Adminisfration (FDA). In Japan and several other countries, CoQ is sold as a 

pharmaceutical requiring a prescription. In animal models of ischemia, Parkinson's 

disease, and Huntington's disease, CoQ administration increased animal survival and 

fimctionality. CoQ supplements are formulated as oil-based capsules, powder-filled 

capsules, tablets, and soft-gel capsules containing microemulsions. Due to its high 

lipophilicity, CoQ absorption is documented to be poor, highly variable, and strongly 

dependent on the contents of the stomach and increases when taken with fatty foods. Its 

poor bioavailability has led to the development of solubilized formulations using oils and 

emulsifying agents. Self-nanoemulsified systems are one of these approaches to improve 

the solubility of CoQ. These oil based solubilized formulations of CoQ are reported to 

show significant and similar increases in plasma CoQ concentrations (Chopra et al., 

1998; Lyon et al., 2001). However, reports on therapeutic efficacy of CoQ have been 
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confounded by the variable bioavailability of numerous CoQ preparations. The aim of the 

present sttidy was to determine and compare the early semm levels attained by single oral 

dose of two different self-nanoemulsified dmg delivery systems of CoQ; eutectic based 

preparation and limonene based formulation, to assess whether these preparations of oral 

CoQ influence plasma CoQ levels in human subjects. 

11.2. Materials and Methods 

CoQ was a kind gift from Kyowa Hakko, USA (New York, NY). Coenzyme Q9 

(CoQ9) and R-(+)-limonene was purchased form Sigma Aldrich (Milwaukee, WI). 

Cremophor EL (Polyoxyl 35 Castor oil) was obtained form BASF Corp. (Mount Olive, 

NJ). Capmul GMO-50 (Glycerol mono oleate) was obtained form Abitec Corp. 

(Janesville, WI). Sep-Pack Vac RC silica -lOOmg solid phase extraction cartridges, Nova-

Pak C18 RP (4 |am, 150 X 3.9 mm) column and guard column (7.5 X 4.6 mm) were 

purchased from Waters (Milford, MA). HPLC grade methanol and n-hexane were 

purchased from VWR Scientific (Minneapolis, MN). Size 4 hydroxypropyl 

methylcellulose (HPMC) capsules were supplied by Capsugel (Greenwood, SC). The rest 

of the materials (syringes, catheters, needles and other accessories) were from Texas 

Tech Medical Center (Amarillo, TX). Vacutainer® tubes with no additives were 

purchased from Becton Dickinson (Franklin Lakes, NJ). All the chemicals were stored 

and used as specified. 
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11.2.1. Human Subjects 

This study was approved by the Institutional Review Board of the Texas Tech 

University Healtii Sciences Center, Texas, USA. All subjects were required to sign the 

written consent form prior to the study. Eighteen healthy adult volunteers were enrolled 

in this study and no subjects were on CoQ supplementation. 

11.2.2. Preparation of Two Novel Self-Nanoemulsified 

Dmg Delivery Systems 

Limonene based self-nanoemulsified capsule dosage form of CoQ (SNDCF) 

was prepared with R-(+)-limonene, Cremophor EL and Capmul GMO-50. For preparing 

the capsules, 30 mg of CoQ was precisely measured and taken in a screw-cap glass vial. 

The CoQ was then dissolved in R-(+)-limonene by warming the mixture to 37°C in a 

water bath with continuous stirring. Cremophor EL and Capmul GMO-50 were then 

added to the solution using a positive displacement pipette while stirring with a magnetic 

bar for 30 minutes. The resultant emulsion was then filled into a size 3 capsule and stored 

at room temperature till subsequent studies. 

Eutectic based self-nanoemulsified dmg delivery system of CoQ (SNEDDS) was 

prepared according to an earlier reported method (Nazzal et al., 2001). Briefly, CoQ (30 

mg) was accurately weighed in an amber colored screw cap glass bottle and 30 mg of 

lemon oil was added to form eutectic mixture. This mixture was then warmed to 37°C in 

a water bath with continuous stirring. Emulsification was carried out by addition of 35 

mg each of Cremophor EL and Capmul MCM-8 while stirring at 37°C. The formulation 

was filled into size 4 HPMC capsules and used for the study. 
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11.2.3. Study Design 

The bioavailability of the two formulations (SNEDDS, SNDCF) and conttol was 

carried out in 18 healthy human adults split into three random groups of six each. The 

sample collection lasting over a period of 24 hr was conducted at the Texas Tech Medical 

Health Sciences Center, Amarillo, TX, USA. The subjects were asked to fast 10 hr before 

starting the study. Prior to taking the capsules, the baseline blood sample was collected. 

For this purpose a catheter was inserted into a vein in the hand of the subjects by a 

certified nurse. Each dose was administered orally with 250 ml water at around 8.30 am. 

Following each orally administered dose of CoQ as powder form (control) and limonene 

based SNDCF form (testl) and eutectic based SNEDDS (test 2), six blood samples were 

collected during the next 24 hours (2, 4, 6, 8, 12, 24 hr). For each time point, a 5 ml blood 

sample was withdrawn. The catheter was removed 12 hr after insertion. The 24 hr sample 

was withdravm from the vein of the adult subjects by a phlebotomist after ovemight 

fasting. The subjects were monitored for initial 12 hr period and then allowed to move 

out of the medical center after the removal of catheter at 12 hr blood withdrawal time 

point, but returned at next scheduled time point (24 hr) for blood collection. A lunch of 

vegetarian burger was provided after 4 hr sample collection. A certified pharmacist was 

available during the study for monitoring the subjects. 

11.2.4. Sample Collection and Processing 

Blood samples were collected from the anticubital vein into heparin coated ttibes. 

The plasma was collected form the blood samples by spinning at 3000 g for 10 min at 
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ambient temperature. The plasma was then immediately transferred to prelabled tubes 

and stored at -20 °C till fiirther study. 

CoQ was exttacted from plasma according to a previously validated protocol 

(Kommuru et al., 1998; Zaghloul et al., 2002). To avoid photodegradation, sttidies were 

conducted under yellow light and all containers were wrapped with aluminum foil. 

Frozen plasma samples were thawed in the dark just prior to analysis at room 

temperature. Extractions were performed in red top vacutainers with no additives. 

Intemal standard stock solution was prepared by dissolving 7.5 mg of C0Q9 in 1 ml 

hexane. Twenty five microliters of intemal standard was added to 1 ml of plasma sample 

and vortex-mixed. This sample was then deproteinized with 1 ml of 5% trichoroacetic 

acid. CoQ from the deproteinized plasma samples was extracted using 2 ml of hexane 

and vortex-mixed for 5 min, and centrifuged at 2000 g for 5 min. The liquid-liquid 

extraction process was repeated three times and the supematants were combined in a 

fresh glass tube. A vacuum manifold system with 100 mg SepPak silica-solid phase 

extraction cartridge was used for solid phase extraction of CoQ. The carttidges were 

activated with 5 ml of hexane and the combined supematants were then passed through 

these activated silica catridge. The cartridge was then dried under vacuum for 2 min and 

eluted with 750 microliters of mobile phase of composition of n-hexane: methanol 

(15:85). A 100 |Lil volume of the eluted fraction was quantified using HPLC as described 

in the next section. 
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11.2.5. Plasma CoO Analysis 

The bioavailability of CoQ in the collected human plasma samples was estimated 

according to the previously reported high performance liquid chromatography (HPLC) 

method (Zaghloul et al., 2002). Briefly, Waters HPLC system used for the assay 

contained the Waters 510 pump. Waters 484 Tunable absorbance detector, and Waters 

715 Ultra Wisp sample processor. The samples were resolved in a Nova-Pak CI 8 column 

(150 X 3.9mm) attached with a CI8 guard column (7.5 x 4.6mm). The CoQ fraction was 

resolved with isocratic mobile phase consisting of methanol: n-hexane at 90:10 v/v ratio. 

C0Q9 was used as an intemal standard. The flow rate was maintained at 1.5 ml/min 

during the run and the coenzymes peak detected at 275nm. 

11.2.6. Pharmacokinetic Analysis 

The area under the curve (AUCo-̂ 24hr) for plasma CoQ-time curve was calculated 

using the trapezoidal method. 

11.2.7. Statistical Analysis 

Analysis of variance was performed for Cmax and AUC determinations for the two 

groups followed by Dunnet Muftiple Comparison with p values < 0.05 as minimum level 

of significance. 
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11.2.8. Safety Assessments 

The subjects were informed about the study particulars and monitored regulariy 

during the sample collection period of 24 hrs. The subjects were asked to report if they 

experienced any ill-effects. 

11.3. Results and Discussion 

The oral absorption of drugs can be markedly influenced by formulation factors 

and the dosage form design (Thakker et al., 1987). Lipid based formulations including 

self-emulsifying formulations have been reported to enhance the absorption of poorly 

soluble and poorly permeable compounds (Hauer et al., 1994; Cho et al., 1998; Kommum 

et al., 2001). Self-emulsifying formulations of poorly soluble drugs cyclosprorine, 

ritonavir, saquinavir and amprenavir have been evaluated for enhanced bioavailability 

and these formulations are commercially available. The approach was used to improve 

the bioavailability of CoQ by incorporation of emulsifiers in the oil-based formulations 

and reported to improve the absorption (Kommum et al., 1999). Several other studies 

have reported that the self-emulsifying formulations containing polyglycolyzed 

glycerides have improved the oral bioavailability of lipophilic dmgs (Sheen et al., 1991; 

Shah et a l , 1994). However, the limitations associated with these formulations, including 

stability, interactions of the capsule shell with contents, limited solubility in some 

solvents and difficulties in manufacturing methods have hindered the progress of these 

dmg delivery systems. In our sttady, a systematic approach was adapted to overcome the 

above mentioned limitations and develop a limonene based self-nanoemulsified dmg 

delivery system. 
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The endogenous plasma levels of CoQ were determined in human subjects of three 

study groups and were found to be 0.249 + 0.088 and 0.952 + 0.264 and 1.19+0.395 

|ig/mL for control, SNEDDS and SNCDF treated groups respectively. The plasma 

concenfration-time profiles after oral administration of 30 mg CoQ single dose were 

calculated by subfracting the endogenous levels of CoQ at each time point and are 

showing in Figure 11.1. The pharmacokinetic parameters are calculated and summarized 

in Tables 11.1 and 11.2. In the present studies, the Tmax values of 6 hr were consistent for 

all the three groups and found to be in agreement with the reported value in previous 

studies (Kommum et al., 1999; Chopra et al., 1998). These results are in contrast to other 

studies in human as well as in animals that have reported the faster absorptions occurring 

at Tmax of 4 hr. However, such faster absorption is dependent on other factors such as 

gastric contents. Maximum plasma concentration found at 6 hr from these treated groups 

were statistically compared and found to be significantly higher in self-nanoemulsified 

formulations (SNEDDS and SNCDF) treated groups as compared to powder treated 

group (Table 11.2). The total absorption of CoQ as determined from AUC was found to 

be significantly greater from eutectic based SNEDDS as compared to that of limonene 

based SNCDF and control (Figure 11.2). The absorption of CoQ from limonene based 

SNCDF showed higher, but statistically not significant bioavailability when compared to 

control. The variability in these two formulations can be attributed to several other 

factors. One factor may be the gender of the test subject. Gender differences in maximum 

plasma concentrations and total absorption (AUC) values have been reported by Weis et 
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al. (1994) and Wahlqvist et al. (1998). Therefore, a controlled study, with gender as a 

variable might help to delineate these differences. 

Self-emulsifying dmg delivery systems employ surfactant and oils for 

solubilization of lipophilic substances. For majority of dmgs, absorption occurs through 

paracellular transport which is limited by the tight junctions between cells. Surfactants 

are known to increase the permeability by increasing the fiuidity of membranes by 

dismpting the tight junctions and thus enhance the absorption (Mine and Yang, 2003). 

Incorporation of emulsifiers in the oil-based formulations was found to improve the oral 

bioavailability of CoQ in animals (Kommum et al., 1999). In the present investigations, 

the bioavailability of CoQ self-nanoemulsified formulations demonstrated superior 

performance in human subjects as indicated by the Cmax and AUC values. The 4.7-fold 

increase seen in total absorption with self-nanoemulsified systems could be attributed to 

formulation factors improved by these delivery systems. Self-emulsifying formulations 

increase the surface area for absorption by forming fine droplets and micelle formation 

with the help of surfactants. These mixed micelles can easily difftise through the unstirred 

aqueous layer into the lipophilic system. The absorption of lipophilic substances from oil 

based formulations is mainly through the lymphatic system and depends on lipoprotein 

synthesis in the small intestinal cells. Therefore it may be advantageous to administer 

such dmgs in self-emulsified formulation forms. CoQ is known to have better absorption 

when administered with fatty meal as compared to administration on empty stomach. 

However, the CoQ composition of dietary substances varies and may effect the plasma 

concentrations of CoQ (MUes et al., 2002). In this study, the analysis of CoQ was 
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performed by HPLC with UV detection, and the resultant chromatograms show the 

presence of a tiiird peak otiier than intemal standard, CoQ9 and test compound, CoQ 10. 

This could be due to tiie presence of oxidized CoQ in plasma. Clinical investigations of 

CoQ are dependent and variable based on the analytical methods chosen. Since CoQ 

exists in two unstable forms, oxidized and reduced, measurement of total CoQ has been 

reported by Miles et al. (2002). For fiiture studies, it is recommended to adopt either total 

CoQ measurement method with electrochemical detection or measurement of reduced 

and oxidized CoQ separately in plasma as reported by Tang et al. (2001). Most of the 

previous investigations were based on multiple dosing of CoQ for several weeks and 

measured the stead state concentrations (Chopra et al., 1997; Kommum et al., 1999, 

2000). The results from these studies were found to be very consistent and dependent on 

dose. However, studies following single dose of 180 mg CoQ oral administrations have 

also been reported and were in agreement with the multiple dosed bioavailability studies 

(Miles et al., 2002). In our study, a single dose of 30 mg was administered and the 

measurable concentrations were observed in plasma. However, this can be further 

evaluated by higher doses and/or multiple doses for reducing the variability. 

11.4. Conclusions 

The results from the present study illusfrated the potential use of self-

nanoemulsified dmgs delivery systems for improving the oral bioavailability of lipophilic 

dmgs such as CoQ. SNEDDS provided a 4.7-fold increase in the bioavailability as 

compared to control. However, the oral bioavailability of SNCDF showed gender 
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variability and needs to be fiirther evaluated with improved methodology and changes in 

selection of human subjects of the study. 
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Table 11.1. Area under the curve values of plasma concentration-time profile after single 
oral administration of CoQ eutectic based SNEDDS, limonene based SNCDF 
and control. 

Groups 

Conttol 

SNEDDS 

SNCDF 

Mean AUC 
(|j,/mL/hr) 

0.714 

3.44 

1.48 

Standard 
Deviation 

0.285 

2.11 

1.12 

Standard Error 
of Mean 

0.116 

0.861 

0.457 
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Table 11.2. Pharmacokinetic parameters Cmax and Tmax for oral bioavailability of CoQ 
eutectic based SNEDDS and limonene based SNCDF compared with control. 

Groups 

Conttol 

SNEDDS 

SNCDF 

T 
A max 

(hrs) 

6 

6 

6 

Maximum Plasma Concentration (Cmax) 

Mean 
'^max 

(\i/m\) 

0.558 

3.62 

1.657 

Standard 
Deviation 

0.274 

0.526 

0.747 

Standard 
Error of Mean 

0.112 

0.214 

0.305 

P value 

Control vs. SNEDDS 
*** P<0.001 

Control vs. SNCDF 
** P<0.01 

219 



O) 

o 

o 

O 

o 
O 

CD 

E 
w 
_ro 
CL 

-ga-SNEDDS 

- o - S N C D F 

—A— Control 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 

Time (hrs) 

Figure 11.1: Plasma concentration vs. time profile for CoQ after administration of single 
30 mg oral dose as eutectic-based SNEDDS, limonene-based SNCDF, or 
control. 
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Figure 11.2: Mean plasma CoQ area under the curve values following single oral dose of 
30 mg CoQ as self-nanoemulsified dmg delivery systems comparison with 
control (Powder 30mg). 
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CHAPTER 12 

12. Summary and Conclusions 

In the present study. Coenzyme QIO (CoQ) was formulated as a self-

nanoemulsified capsule dosage form with chiral molecule (R-(+)-limonene) along 

with a surfactant and co-surfactant. The in vivo and in vitro characterizations were 

performed. The following conclusions can be drawn from the study: 

1. An efficient cell culture method for cytotoxicity evaluation of dmgs with poor 

aqueous and dimethyl sulfoxide (DMSO) solubility was developed. 

2. Oils commonly used in self-emulsified systems and the self-nanoemulsified 

systems of CoQ were found to be safer for long-term use as revealed from in 

vitro cytotoxicity studies on Caco-2 cell monolayer. 

3. Solubility of CoQ in number of co-solvent systems was evaluated for their use 

in cell culture. CoQ has good solubility in DMEM with ethyl acetate as co-

solvent. 

4. The permeability characteristics of CoQ evaluated revealed high permeability 

of CoQ across Caco-2 cell monolayers. 

5. The mechanism of permeation was found to involve passive diffiision as well 

as carrier-mediated transport through the mucosa as evidenced from bi

directional and temperature dependent transport across Caco-2 cell 

monolayer. 
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6. Possible involvement of muhiple transporters in the permeation of CoQ was 

indicated based on significant inhibition of labeled CoQ permeation in the 

presence of unlabelled CoQ as well as specific substrates/inhibitors of known 

fransporters. 

7. Regional differences in permeation of CoQ, performed using isolated rat 

gastrointestinal segments showed maximum absorption from proximal small 

intestinal region, duodenum. 

8. Absence of significant interaction of CoQ with the formulation excipients as 

revealed from thermal analysis (Differential Scanning Colorimetry), X-ray 

diffraction and FT-IR studies advocated the safe use of limonene, Cremophor 

EL and Capmul GMO-50 in the formulation. 

9. Preliminary screening was performed to evaluate the use of chiral excipients 

in self-emulsified dmg delivery systems. The studies indicated the advantages 

of R-(+)-limonene over S-(-)-limonene to form stable nanoemulsions. 

10. The effect of varying ratios between R-(+)-limonene, Cremophor EL and 

Capmul GMO-50 was studied statistically using Statgraphics®. 

11. Optimization using a three-factor three-level Box-Behnken design yielded a 

formulation with 96 % CoQ release within 5 min. 

12. Mathematical relationships generated in the form of polynomial equations 

explained the quadratic and interaction effects of the formulation factors on 

the dissolution of CoQ using Box-Behnken design. 
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13. A validated reversed phase - HPLC method with higher sensitivity and 

extraction efficiency was developed and used to measure the CoQ present in 

small volume of plasma for rat bio-studies 

14. Accelerated stability studies, performed by subjecting the novel CoQ SNCDF 

to various thermal and humidity conditions according to ICH guidelines, 

indicated the substantial stability of formulation for six months at lower 

temperatures. 

15. The bioequivalence/bioavailability studies on two novel self-nanoemulsified 

systems was performed in rats which revealed significantly higher absorption 

of CoQ from these formulations as compared to pure CoQ powder filled 

capsules. 

16. The oral bioavailability of two novel self-nanoemulsified CoQ formulations in 

healthy subjects was carried out for estimation of absorption following single 

oral dose of 30 mg CoQ. 

17. Self-nanoemulsified systems were found to show the potential for improving 

the oral bioavailability of lipophilic substance CoQ. 
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CHAPTER 13 

13. Recommendations for Future Studies 

Based on these studies, the following studies are suggested. 

1. The application of limonene based self-nanoemulsified dmg delivery systems 

for other lipophilic dmg candidates can be evaluated. 

2. Exploring the transport mechanism of CoQ for the determination of specific 

transporters involved its absorption is possible by using substrates of known 

transporters and determining the Michealis-Menton kinetic parameter. 

3. To determine the availability of free dmg from CoQ SNCDF by estimation of 

the dmg distribution in mono-, di- and triglycerides and aqueous portion, by 

performing high pressure thin layer liquid chromatography (HPTLC). 

4. Estimation of other pharmacokinetic parameters such as clearance, volume of 

distribution and absolute bioavailability can be performed in animals by 

comparing to the intravenous CoQ formulation. 

5. The differences in the amount of dmg undergoing entero-hepatic recyclic 

when given as CoQ powder or CoQ SNCDF can be evaluated in animals by 

measuring the biliary excretion of CoQ. 

6. Evaluating the application of limonene based CoQ SNCDF for higher dosing 

levels such as 200-1200 mg of CoQ which is often used in heart disease and 

breast cancer patients. 

7. Estimation of long term stability characteristics of CoQ SNCDF may be 

carried out by storage of the formulation in stable capsules under different 
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temperature and humidity conditions for 12 months as per ICH storage 

guidelines. 

8. Determination of photostability of CoQ in SNCDF must be evaluated by 

subjecting the formulation to the ICH conditions for photostability evaluation. 

9. Performing the oral bioavailability studies in a cross-over method and 

estimation of total coenzyme Qio levels may be advantageous for 

bioequivalence tests. 

10. Further, human biostudies with gender as one of variables are also 

recommended. 
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