
NOTE TO USERS

This reproduction is the best copy available.

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The Effect of Chitosans and Other Excipients on the Permeation of Various Drug
Models through Caco-2 Ceils

by

Mary Sou
B.S. Pharmacy, Purdue University, 1988

A Dissertation Submitted to the Graduate Faculty of 

Mercer University Southern School of Pharmacy 

in Partial Fulfillment of the Requirements for the Degree

DOCTOR OF PHILOSOPHY

Atlanta, Georgia 

2004

Copyright notice

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3130858

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion.

UMI
UMI Microform 3130858 

Copyright 2004 by ProQuest Information and Learning Company. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgements

This dissertation is dedicated to my loving parents, Yun-Shin and Ken-Paul Sou, 

whose love and understanding was greatly appreciated throughout this work.

I would also like to thank my advisor. Dr. Martin J. D’Souza for his guidance 

and encouragement through the course of this research. Additionally, I wish to extend my 

gratitude to Dr. J.G. Strom, Dr. A.K. Banga, Dr. J.M. Holbrook and Dr. M.P. Wong for 

serving on my Ph.D. committee and for providing extra recommendations and support.

Special thanks to my colleagues at Novartis for their encouragement and advice, 

especially Peter Lackey for sharing his chromatographie expertise. In addition, I wish to 

acknowledge my fellow graduate students in the Department of Pharmaceutical Science 

for their great assistance in this work, as well as providing some moral support through 

some of the more difficult times.

Ill

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table o f  Contents

Acknowledgements.................................................................................................................. iii

List of Tables............................................................................................................................vi

List of Figures........................................................................................................................ viii

ABSTRACT..............................................................................................................................xi

CHAPTER 1 .............................................................................................................................. 1

INTRODUCTION................................................................................................................ 1

CHAPTER 2 ..............................................................................................................................7

LITERATURE SURVEY.....................................................................................................7

Gastrointestinal absorption.............................................................................................. 7

Caco-2 cells........................................................................................................................8

Permeation pathways......................................................................................................12

Chitosans..........................................................................................................................16

Chitosan with Caco-2 cells............................................................................................ 19

P-glvconrotein transport system....................................................................................20

P-glycoprotein transport system on Caco-2 cells......................................................... 21

Other excipients.............................................................................................................. 22

CHAPTER 3 ............................................................................................................................27

OBJECTIVES/STATEMENT OF THE PROBLEM...................................................... 27

METHODS..............................................................................................................................29

Growth and maintenance of cells...................................................................................29

Transepithelial electrical resistance ITEER)................................................................31

Ketotifen assay................................................................................................................ 34

FITC dextran assay.........................................................................................................37

Rhodamine 123 assay.................................................................................................... 37

ly

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FITC oligonucleotide assay...........................................................................................38

Effect of excipients on ketotifen permeation................................................................41

Effect of excipients on FITC dextran permeation........................................................ 43

Effect of excipients on Rhodamine 123 permeation....................................................44

Effect of excipients on Rhodamine 123 permeation....................................................46

Effect of Protasan CL213 on FITC oligonucleotide permeation................................47

CHAPTER 5 ............................................................................................................................50

RESULTS............................................................................................................................50

CHAPTER 6 ..........................................................................................................................110

DISCUSSION....................................................................................................................110

Growth and maintenance of cells.................................................................................110

Ketotifen permeation..........................................................................................  I l l

FITC Dextran Permeation............................................................................................ 114

Rhodamine 123 permeation......................................................................................... 119

FITC Oligonucleotide permeation...............................................................................123

CH A PTER?..........................................................................................................................125

SUMMARY and CONCLUSION...................................................................................125

APPENDIX............................................................................................................................ 127

Hank’s Balanced Salt Solution........................................................................................ 127

BIBLIOGRAPHY..................................................................................................................128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

Table 1. Chitosan Comparison.............................................................................................. 19

Table 2. Effeet of Protasan CL213 Concentration on TEER..............................................51

Table 3. Effect of Protasan CL213 Concentration on Ketotifen Permeation.................... 53

Table 4. The Effect of Protasan CL 213 Concentration on the Papp of Ketotifen 54

Table 5. Effect of NOCC Concentration and Ketotifen on TEER..................................... 56

Table 6. Effect of NOCC Concentration on Ketotifen Permeation................................... 58

Table 7. The Effeet of NOCC Concentration on the Papp of Ketotifen...............................59

Table 8. The Effect of Various Excipients and Ketotifen on TEER.................................. 61

Table 9. Effect of Various Excipients on Ketotifen Permeation........................................ 63

Table 10. Effect of Different Excipients on Papp of Ketotifen.............................................64

Table 11. Effect of Protasan CL213 Concentration and FITC Dextran on TEER 66

Table 12. Effect of Protasan CL213 Concentration on FITC Dextran Permeation 68

Table 13. Effeet of Protasan CL213 Concentration on the PappOf EITC Dextran 69

Table 14. The Effect of NOCC Concentration and FITC Dextran on TEER................... 71

Table 15. The Effect of NOCC Concentration on FITC Dextran Permeation.................. 73

Table 16. Effect of NOCC Concentrations on Papp of FITC Dextran................................ 74

Table 17. Effect of Various Excipients and FITC Dextran on TEER................................76

Table 18. Effect of Various Excipients on FITC Dextran Permeation..............................78

Table 19. The Effect of Various Excipients on the Papp of FITC Dextran.........................79

Table 20. The Effect of Protasan CL213 and EDTA with FITC Dextran on TEER 81

Table 21. The Effect of Protasan CL213 and EDTA on FITC Dextran Permeation 83

VI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 22. The Effect of Protasan CL213 and EDTA on Papp for FITC Dextran............... 84

Table 23. Effect of Additives and Rhodamine 123 on TEER............................................86

Table 24. Effect of Additives on Rhodamine 123 Permeation......................................... 88

Table 25. Effect of Additives on Papp of Rhodamine 123...................................................89

Table 26. Effect of Excipients and Rhodamine 123 on TEER......................................... 91

Table 27. Effect of Excipients on Rhodamine 123 Permeation........................................ 93

Table 28. Effeet of Additives on Papp of Rhodamine 123...................................................94

Table 29. Effect of Protasan CL213 and Verapamil with Rhodamine 123 on TEER.... 96

Table 30. Effect of Protasan CL213 and Verapamil on Rhodamine 123 Permeation.... 98

Table 31. Effect of Protasan CL and Verapamil on Papp of Rhodamine 123......................99

Table 32. Effect of Protasan CL213 and Sodium Azide with Rhodaminel23 on TEERlOl

Table 33. Effect of Protasan CL213 and Sodium Azide on Rhodamine 123 Permeation

103

Table 34. Effect of Protasan CL213 and Sodium Azide on Papp of Rhodamine 123......104

Table 35. Effeet of Protasan CL213 and FITC Oligonucleotide on TEER....................106

Table 36. FITC Oligonucleotide Permeation with Protasan CL213................................ 108

Table 37. Effect of Protasan CL213 on Papp of FTIC Oligonucleotide...........................109

Table 39. Effect of EDTA concentration on FITC Dextran Papp.................................... 118

Table 40. Effect of TEER on Papp for Rhodaminel23..................................................... 122

Vll

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

Figure 1. Permeation Pathways..............................................................................................2

Figure 2. Structure of Ketotifen fumarate............................................................................. 4

Figure 3. Structure of Rhodamine 123.................................................................................. 5

Figure 4. Example Oligonucleotide structure.......................................................................6

Figure 5. FITC Oligonucleotide Nucleotide sequence (phosphorothioate backbone

derivative)..................................................................................................................................6

Figure 6. Small Intestine.........................................................................................................8

Figure 7. Caco-2 cells.............................................................................................................9

Figures. Permeation Pathways............................................................................................. 13

Figure 9. Paracellular Pathway............................................................................................. 15

Figure 10. Structure of Chitosan...........................................................................................16

Figure 11. Structure of N, 0-carboxymethyl chitosan (NOCC)........................................ 18

Figure 12. P-glycoprotein Transport Schematic Diagram..................................................21

Figure 13. Structure of Crosslinked Polyacrylic Acid (Carbopol 934P).......................... 23

Figure 14. Structure of Polysorbate 8 0 ................................................................................24

Figure 15. Structure of EDTA............................................................................................. 25

Figure 16. Caco-2 cells......................................................................................................... 29

Figure 17. Transwell Inserts..................................................................................................30

Figure 18. Millicell ERS Ohmmeter.................................................................................... 31

Figure 19. Structure of Ketotifen fumarate..........................................................................33

Figure 20. Ketotifen chromatogram in media..................................................................... 34

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 21. Chromatogram - 0.25 mg/mL Ketotifen Standard in HBSS...........................35

Figure 22. Chromatogram - 0.0025 mg/mL Ketotifen Standard in HBSS...................... 35

Figure 23. Ketotifen Assay Linearity.................................................................................. 36

Figure 24. Chromatogram - Ketotifen Sample in HBSS...................................................36

Figure 25. FITC Dextran Linearity......................................................................................37

Figure 26. Rhodamine 123 Assay Linearity.......................................................................38

Figure 27. Example Oligonucleotide structure...................................................................39

Figure 28. Nucleotide sequence...........................................................................................39

Figure 29. FITC Oligonucleotide Assay Linearity............................................................ 40

Figure 30. Effect of Protasan CL213 Concentration and Ketotifen on TEER...... 50

Figure 31. Effect of Protasan CL213 Concentration on Ketotifen Permeation.... 52

Figure 32. Effect of NOCC Concentration and Ketotifen on TEER................................55

Figure 33. The Effect of NOCC Concentration on Ketotifen Permeation........................57

Figure 34. Effect of Various Excipients and Ketotifen on TEER..................................... 60

Figure 35. Effect of Various Excipients on Ketotifen Permeation................................... 62

Figure 36. Effect of Protasan CL213 Concentration and FITC Dextran on TEER.65

Figure 37. Effect of Protasan CL 213 Concentration on FITC Dextran Permeation.67

Figure 38. Effect of NOCC Concentration and FITC Dextran on TEER.........................70

Figure 39. Effect of NOCC Concentration on FITC Dextran Permeation....................... 72

Figure 40. Effect of Various Excipients and FITC Dextran on TEER.............................75

Figure 41. Effect of Various Excipients on FITC Dextran Permeation............................77

Figure 42. Effect of Chitosan and EDTA with FITC Dextran on TEER..........................80

IX

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 43. Effect of Chitosan and EDTA on FITC Dextran Permeation...........................82

Figure 44. Effect of Inhibitors and Rhodamine 123 on TEER...........................................85

Figure 45. Effect of Additives on Rhodamine 123 Permeation..........................................87

Figure 46. Effect of Excipients and Rhodamine 123 on TEER......................................... 90

Figure 47. Effect of Excipients on Rhodamine 123 Permeation........................................ 92

Figure 48. Effect of Protasan CL213 and Inhibitors and Rhodamine 123 on TEER 95

Figure 49. Permeation of Rhodamine 123 with Verapamil and Protasan CL213.............97

Figure 50. Effect of ProtasanCL213 and Sodium Azide with Rhodamine 123 on TEER

 100

Figure 51. Effect of Protasan CL213 and Sodium Azide on Rhodamine 123 Permeation

 102

Figure 52. Effect of Protasan CL213 and FITC Oligonucleotide on TEER....................105

Figure 53. FITC Oligonucleotide Permeation with Protasan CL213.............................. 107

Figure 54. Correlation of TEER Value with FITC-Dextran Permeation....................... 114

Figure 55. Correlation of TEER value with Rhodamine 123 Permeation.......................121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

MARY SOU
The Effect of Chitosans and Other Excipients on the Permeation of Ketotifen and Other
Drug Models through Caco-2 Cells
(Under the direction of MARTIN J. D’SOUZA, PhD)

Caco-2 cells are derived from human colonic adenocarcinoma cells and exhibit 

morphology and functional similarities to the intestinal enteroejhes. They are now 

considered the “gold” standard cells for in-vitro drug permeation evaluations. Caco-2 

cells grown on permeable inserts have become relatively customary for screening 

permeability of compounds. The isolated model allows for direct evaluation of 

mechanisms of transport and provides great flexibility of experimentation.

We evaluated the Ketotifen, FITC-labeled dextran and Rhodamine 123 

permeation across Caco-2 cells. These model drugs were chosen because they 

represented the three major permeation transport pathway: passive transcellular 

(Ketotifen), passive paracellular (FITC dextran) and active transport (Rhodamine 123). 

The model compounds were evaluated in the presence of various excipients such as 

chitosan, N, 0-carboxymethyl chitosan (NOCC), Carbopol 934P, Polysorbate 80 and 

disodium edetate. We also evaluated FITC-oligonucleotide permeation in the presence of 

chitosan.

Samples with chitosan resulted in a concentration dependent decrease in 

transepithelial electrical resistance (TEER), a measure of tight junction integrity, which 

was not seen with the other excipients. The TEER effeet corresponded with significant

XI
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improvement of paracellular permeation of FITC-dextran and Rhodamine 123 compared 

to the control (p<0.005) where ketotifen permeation with chitosan did not show 

statistically significant improvement as compared to the control. Although Rhodamine 

123 is a known p-glycoprotein substrate, this data would indicate that the p-glycoprotein 

transport system is not the rate-limiting factor in Rhodamine 123 permeation. Ketotifen 

permeation was improved slightly when in the presence of NOCC, polysorbate 80 and 

edetate disodium. These excipients have been associated with improved transcellular 

permeation. Carbopol 934P did not improve any of the drug models’ permeation.

An exception to the chitosan observation on TEER was noted with negatively 

charged FITC-oligonucleotide, where an apparent ionic interaction with the positively 

charged chitosan nullified the TEER reduction effect. Chitosan did not significantly 

effect on FITC-oligonucleotide permeation across the Caco-2 cells compared to control.

Therefore, depending on the drug model, different excipients may improve 

different drug permeation. These results successfully show the effectiveness of using 

Caco-2 cells to help screen formulations for development.

Xll
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CHAPTER 1 

INTRODUCTION

The study of drag absorption has traditionally involved the use of animal models 

or various excised tissues and organs. These are usually expensive and require a large 

number of animals. Although these methods provide good overall picture of drag 

absorption, the complexity of multiple absorption sites and various cell types, as well as 

the differences between species, make the specifics of drug absorption and transport 

difficult to determine. Cell monolayer cultures of established cell lines are structurally 

simple, homogeneous and easy to manipulate. They have been used for transport studies 

and they provide insights to the functions of various transport mechanisms. The cell 

lines are often of human sources, and may express similar carriers and enzymes, though 

at different levels than that in-vivo. Still, cell lines cannot he used as a complete 

substitute for the more complex absorption process. However, the use of cell cultures 

provides an effective means to screen drags and other solutes for effects, which may help 

to predict absorption in-vivo.

Caco-2 cells are derived from human colonic adenocarcinoma cells and exhibit 

morphology and functional similarities to the intestinal enterocytes. The cells form tight 

junctions and express many brash border enzymes, which are relevant for study of drag 

absorption and even metabolism. These are needed for active transport systems, which 

are normally found in the small intestine. They have been characterized for the transport
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of amino acids, dipeptides and vitamins. The cells have been shown to be effective for 

the evaluation of passive (paracellular and transcellular) and some active transport 

permeation pathways. For example, the p-glycoprotein transport system has been 

identified in the Caco-2 cell culture and therefore the cells can be used to evaluate any 

drug that is a substrate for the system. This and the fact the cells are hardy and can be 

used for many generations have made them one of the most popular cell lines for study 

of drug absorption and transport.

The transport of drugs though cell membranes are mainly described in the 

following pathways:

a) Transcellular -  through the cells

b) Paracellular -  between the cells

c) Active transport -  require carrier system through the cells
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Figure 1. Permeation Pathways
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Generally, more hydrophobic drug substances have better cell permeation than 

hydrophilic compounds. These compounds are usually small and pass through cell 

membranes via the passive transcellular pathway. Paracellular pathways have shown 

selectivity towards small, hydrophilic and positively charged molecules.

Various active transport systems have also heen identified in the intestinal 

absorptive cells. These are selective pathways, usually protein regulated that transport 

molecules in and out of cells. They are usually energy-dependent systems that are 

typically involved in the transport of larger macromolecules. One of the protein-mediated 

pathways, the p-glycoprotein site is located in the apical membrane and is an efflux 

transporter, which acts as a barrier for specific compounds, including taxol, Rhodamine 

123 and some protein drugs. Sodium azide is a known ATP-inhibitor, which thus can 

inhibit any active transport system, which require ATP energy. Verapamil is a calcium 

channel blocker than can inhibit the p-glycoprotein activity. This inhibitor has been used 

to evaluate the density of p-glyeoproteins in the cell models, as well as to help determine 

the activity other p-glycoprotein substrates and their inhibitors.

The objective for these experiments is to evaluate the permeation of ketotifen, 

FITC-Dextran and Rhodamine 123 through a Caco-2, human intestinal cell model. Two 

are passive (transcellular and paracellular) drug models, ketotifen and FITC-Dextran, and 

one is a p-glycoprotein transport substrate, Rhodamine 123, which provides an example 

for an active transport system. Each model drug compound’s permeation will be 

evaluated in conjunction with a range of excipients such as chitosan, carbomers.
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surfactants and chelating agents. This should help to determine if these excipients affect 

drug permeation as well as the epithelial cell monolayer itself.

A) Ketotifen

Ketotifen fumarate is a pharmaceutical compound with documented physical and 

chemical characteristics and an established HPLC assay method. Ketotifen is an 

antihistamine and mast cell stabilizer developed for use as an anti-allergy product. It is 

formulated in oral and ophthalmic solution products. Ketotifen is a weak base and is 

more stable at more acidic conditions.

CH,

H O - C - C H

• H C - C - O H
c.,H„Nos • c a o ,  

MW: 425.5

Figure 2. Structure of Ketotifen fumarate 

B) FITC-Dextran

Fluorescein isothiocyanate (FITC)dextrans are non-ionic models that are available in a 

variety of molecular weights, ranging from 10,000 to two million. The fluorescent- 

labeled dextrans are polysaccharides, which consist of glucose monomers with 0.1 mol

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FITC per 1 mol of glucose. They are useful as drug models, which are known paracellular 

markers and their fluorescence allow for simple and sensitive analysis.

C) Rhodamine 123

Rhodamine 123 is a p-glycoprotein active transport substrate, which can be used to 

evaluate the effect of excipients on this protein transport system. The multi-drug efflux 

transporter, p-glycoprotein, is located in the apical membrane and is barrier to the entry 

and absorption of many compounds, including taxol and cyclosporine, as well as 

Rhodamine. Rhodamine 123 is a cationic, hydrophilic compound, evaluated for use 

against prostate cancer. It can be detected by fluorescence analysis.

iCOjCHs

MW: 380.8

Figure 3. Structure of Rhodamine 123
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D) FITC Oligonucleotide

Oligonucleotides are short RNA or single DNA fragment strands up to 100 nucleotides in 

length. They are designed to interact with specific mRNA sequences and thus inhibit the 

desired gene expression. The fluorescein isothiocyanate (FITC) labeled oligonucleotide 

is an anionic hydrophilic compound, and the FITC labeling allows it to be detected by 

fluorescence analysis.
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Figure 4. Example Oligonueleotide structure

5’ GGA AAC ACA TCC TCC ATG 3’ MW : 5725.6 g/mol

Figure 5. FITC Oligonucleotide Nucleotide sequence (phosphorothioate 

backbone derivative)
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CHAPTER 2

LITERATURE SURVEY 

Gastrointestinal absorption

Generally, the preferred route of drug administration is through the oral, 

gastrointestinal (Gl) tract. By design, the G1 tract provides the best system for absorption 

and this route is most easily tolerated by patients. It is also perhaps the most often studied 

and best understood route of absorption.

The alimentary digestive tract extends from the mouth to the anus and the 

absorption process occurs along almost the entire system. In general, the digestive tract 

consists of: i) oral cavity; ii) esophagus, iii) stomach, iv) small intestine, v) large 

intestine, and vi) rectum. The small intestine is the predominate site of absorption, 

averaging 2-6 m in length in humans. The site surface area is further increased by villi 

found along the internal mucosa of the intestinal lining. As seen in figure 6, from Spence 

and Mason (1983), the intestinal epithelial cells are found on the villi and they provide the 

primary barrier to absorption. The epithelial cells consists of goblet cells, which secret 

mucus, the more numerous absorptive cells, which contain microvilli along its surface 

that further increases the surface area for absorption.
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Figure 6. Small Intestine
a) Enlargement of villi; b) Magnification and cross-section of villi showing blood vessels 

and lacteals; c) absorptive epithelial cells with microvilli

Caco-2 cells

Transport of molecules across mucosal membranes is a fundamental aspect for 

drug absorption and bioavailability studies. Traditional absorption studies involved 

animal models, but since the late 1980s, cell culture models have been proposed as an 

option for transport studies. Caco-2 cells, a cell line derived from a human colonic 

adenocarcinoma were found to exhibit morphological as well as functional similarities to 

intestinal enterocytes. Chantret, Barbat, Dussaulx, Brattain, and Zweibaum (1988) 

studied twenty human carcinoma cell lines and identified the Caco-2 cells to undergo 

spontaneously an enterocytic differentiation characterized by a polarization of the cell
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layer with formation domes and the presence of a apical brush border membrane. The 

cultured cells formed tight junctions and expressed many enzymes, such as sucrase- 

isomaltase, lactase, amino-peptidase N, dipeptidylpeptidase IV and alkaline phosphatase 

similar to that in-vivo. Some other cell lines (HT-29, HCT-EB and HCT-GEO) undergo 

enterocytic differentiation but only when grown without glucose. Still others did not 

differentiate or in some cases did not even exhibit any epithelial polarity, whatever the 

culture condition.

Figure 7. Caco-2 cells

Correlations with in-vivo models have been documented mostly with passively 

transported drugs. Lermemas, Palm, Fagerholm and Artursson (1995) compared the drug 

transport rates in Caco-2 monolayers with those obtained in the human jejunum in-vivo, 

using a proximal perfusion technique in human volunteers. The results showed that the 

rapidly (passively) transported drugs naproxen, antipyrine and metoprolol had 

comparable permeability coefficients in Caco-2 cells and in human jejunum. The
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permeability coefficients of the slowly (passively) transported, hydrophilic drugs, 

terbutaline and atenolol, were 79- and 27-fold lower, respectively, in Caco-2 cells than in 

jejunum. Transport rates of carrier-mediated compounds, L-dopa, L-leucine and D- 

glucose, were also much slower in Caco-2 cells than in human jejunum. The lower 

permeability results with the paracellular and actively transported compounds are 

consistent with the cancerous origin of the Caco-2 cell line where the tight junction and 

carrier system density may be different. These results therefore indicate that Caco-2 cells 

monolayers ean be used to predict passive drug transport in humans, but prediction of 

transport by carrier-mediated systems may require a scaling factor.

It should also be noted that Caco-2 cells represent only the absorptive cells in 

the intestinal epithelium. Goblet cells are secretory cells that are also found in the 

intestinal epithelium that may contribute to some of the variability in in-vitro/in-vivo 

correlation studies. Hilgendorf, et.al. (2000) developed a Caco-2/HT29-MTX co-cultured 

cell line, which provided the combination of absorptive (Caco-2) and goblet type (HT29- 

MTX) cells for permeation evaluation. The ratio of the two cells types could be 

controlled m d monitored. Preliminary evaluations showed that compounds undergoing 

passive paracellular absorption generally were more permeable in the co-cultures than in 

Caco-2 cells alone. Fewer differences were noted for transcellularly absorbed 

compounds. The authors also noted that p-glycoprotein substrates had higher 

permeabilities with the co-cultures and attributed to the fact that the HT29-MTX 

secretory cells do not express the p-glycoprotein. This co-culture system may be useful 

for a more accurate in-vitro model for the intestinal epithelium in the future.
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For now, the Caco-2 cell line is still the more consistent and reliable model, 

with more literature references that have set precedence and confidence for useful data. 

Combined with a relatively easy culturing procedure, it is one of the most popular 

methods for studying in-vitro transport studies.

Caco-2 cells are grown on permeable inserts have become relatively standard, 

with several membranes and sizes available for screening permeability of compounds. 

However, several factors have been described to influence the measure of permeability. 

Baily, Byla and Malick (1996) outlined some general considerations, which included the 

source of cells and passage number, incubation medium, diameter of filters, amount of 

test compound, time and temperature of experiment, and/or the using of stirring apparatus 

during the experiment.

Interestingly, the experimental solutions used for permeability experiments can be 

significantly variable to suit the test compound. This flexibility can also lead to 

significantly different results. Most notably, differences in pHs may lead to different 

ionization ratios which may lead to different permeabilities. This result was noted in an 

experiment with angiotensin II antagonists (Boisset, M., et.al. 2000) where dramatic 

increases (8Xs) in permeation was noted at pH 6 compared to that at pH 7.4. The 

antagonist had pKa values of 5.1 and 6.2 and therefore at pH6, was less ionized and more 

permeable.

Additionally, the procedure for changing media in which the cells are grown can 

alter the transepithelial resistance and thus influence permeation studies. Li, et.al (2003) 

reviewed the detrimental effect of atmospheric exposure on the cell monolayer during the 

change of media. Glutamine in the media was found help recover transepithelial
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resistance in the stressed Caco-2 cells. Spahn-Langguth and Langguth (2001) reviewed 

the effect of grapefruit juice on the p-glycoprotein transport system on the Caeo-2 model. 

The authors surmised that the flavonoids found in grapefruit juice can interact with the p- 

glycoprotein transport system and improve the bioavailability of various p-glycoprotein 

substrate drugs.

Screening the effect of excipients and formulations has also been conducted, hut 

since the excipients are generally considered inert and cell culture models do not 

represent the complete absorption process (i.e. the effect of gastric juices and peristaltic 

movement), this use is not as popular. However, with more advances in drug delivery 

technologies, Caco-2 cells can he useful to predict the effect of these formulation 

systems, including nano- and micro-particles, hydrogels and absorption enhancing agents, 

especially for poorly absorbed compounds.

Permeation pathwavs

Generally, more hydrophobic drugs have better cell permeation than hydrophilic 

compounds. Smaller molecular weight molecules generally pass through cell membranes 

via passive transport mechanisms, transcellular (across the cells) or paracellular (through 

the tight jimctions). Paracellular pathways have shown selectivity towards small, 

hydrophilic and positively charged molecules. Other drug substances require active 

transport mechanisms to mediate their permeation through cells. Some compounds can 

utilize more than one pathway and depending on the both natural and artificial conditional 

changes. For example, the change of pH can alter the ionization ratio of a compound, 

thus altering the compound’s permeability.
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Figure 8. Permeation Pathways

Passive transcellular transport is dictated by diffusion along a concentration 

gradient through the cells. This usually involves small, non-ionic molecules where the 

rate of diffusion can depend on the lipid solubility and size of the molecule. Generally, 

smaller and more lipid soluble compounds diffuse faster. This pathway can also expose 

the molecule to cytosolic enzymes, which can metabolize and inactivate the molecule 

even before it is absorbed. To improve this transport system, formulations using 

surfactants, liposomes and even pro-drug systems have been investigated.

The paracellular space is thought to be deficient of any enzymatic activity and 

therefore of interest for peptide and protein drug delivery. The paracellular pathway is 

primarily regulated by the structure known as the tight junction complex. This complex 

is found between each epithelial cell, forming a continuous seal across the cell monolayer 

and separates apical and basolateral membrane components. Daugherty and Mrsny 

(1999) reported that several proteins participate in the maintenance of the tight junction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

complex. Occludin, claudin-1 and claudin-2 were identified to have cell-to-cell contact 

interactions, which form a seal to the paracellular pathway. Intestinal tight junctions also 

contain zona occludin-1 (ZO-1), a protein molecule which may interact with two other 

similar proteins, ZO-2 and ZO-3 to act on the occludin protein molecule. This helps 

control the tight junction functions by linking the membrane to the cytoskeleton. 

Secondary messengers and protein kinases have been shown to influence both the 

assembly and barrier properties of tight junctions. The main effect of these signaling 

pathways is the phosphorylation of the tight junction proteins or the displacement of the 

pequnctional actin-myosin ring, resulting in eontraction or relaxation and thus the 

loosening and tightening of the tight junction.

An example of this signaling pathway is shown in Figure 9 from a review article 

by Ward, Tippin and Thakker (2000), where the phospholipase C pathway is initiated by 

cleavage of phosphatidyl-inositol (4,5)-hiphosphate (P1P2) into inositol and 1,4,5- 

triphosphate ( I P 3 )  and diacylglycerol (DAG). When I P 3  is released into the cytosol, Ca^  ̂

released from the endoplasmic reticulum and combined with DAG, it activates the protein 

kinase C (PKC) isoenzyme and the calmodulin-dependent kinase. These kinase 

molecules then phosphorylate and alter myosin light chain kinases, which phosphorylate 

the myosin light chain and induce contraction on the perijunctional actin-myosin ring.
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Figure 9. Paracellular Pathway

Various active transport systems have also been identified in the intestinal cells. 

These are selective pathways, usually protein regulated, which transport molecules in and 

out of the cells. They are usually energy-dependent systems that are often involved in the 

transport of larger macromolecules. One of the protein-mediated pathways, the p- 

glycoprotein system, located in the apical membrane, is an efflux transporter, which acts 

as a barrier for specific compounds, including taxol, Rhodamine 123 and some protein 

drugs. To overcome this, various inhibitors of the system have been identified. Sodium 

azide is a known ATP-inhibitor, which thus can inhibit any active transport system that 

require ATP energy. Verapamil is a calcium channel blocker that competitively inhibits 

the p-glycoprotein transport site. The existence of multi-drug transporters is one of the 

reasons why drug permeation cannot always be accurately predicted by the 

physicochemical features of the compound.
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Chitosans

Chitosans are cationic polysaccharides, which arc derived from chitin found in 

the exoskeleton of shellfish. The chitosan copolymer consists of N-acetyl-D-glucosamine 

and D-glucosamine where the sugar backbone has a P-1,4-linkage. The structure is very 

similar to that of cellulose, except for the acetyl amino group at the C-2 position in place 

of a hydroxyl group.

NH
HO-HO;

0

Chitosan

Figure 10. Structure of Chitosan

Many different grades of chitosan are available and differ in their degree of N- 

deacetylation (40-98%) and molecular weight (as high as 2 million Da). Chitosan is a 

weak base with a pKa value of approximately 6.5 and insoluble at neutral and alkaline pH 

values. They are soluble in water, and their solubility is dependent upon the degree of 

deacetylation and the pH of the solution. Chitosans with low degrees of deacetylation (< 

40%) are more soluble a neutral pH values, where chitosans with high degrees of 

deacetylation (> 85%) are only soluble up to pH 6.5. (Hejazi and Amiji, 2003)
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The viscosities of the chitosan solutions are also dependent on their degree of 

deacetylation and molecular weight. The chitosan polymer has an extended conformation 

that is more flexible at higher degrees of deacetylation due to repulsion of the charge. 

Additionally, the presence of amine and hydroxyl groups allow for more intra- and inter- 

molecular hydrogen bonding, which also increases viscosity. Chitosan solution viscosity 

is directly related to concentration where the higher concentration of polymer results in 

higher viscosity. Inversely, higher temperature will decrease the polymer solution 

viscosity.

Chitosan has been shown to be bioadhesive, biocompatible and biodegradable and 

thus have been appealing for use in drug delivery. Topical, implantable, and oral 

applications have been evaluated. The polymer has a low oral toxicity with an LD50 of 

16 g/kg in rats, though this may vary depending on the grade of chitosan. Several in-vitro 

and in-vivo studies concentrated on chitosan as a sustained release agent, emphasizing the 

pH-dependent viscosity as the means to slow drug release and improve residence time. 

(Hejazi and Amiji, 2003)

In more recent years, chitosan derivatives have been discussed in the literature. 

Most of the derivatives alter the chitosan molecule to either improve solubility or change 

its visco-elastic characteristic for specific formulation and patent applications. A notable 

“spin-off’ is the chitosan salt, which include both chloride and glutamate salts. The salt 

forms allow for improved solubility and control of the polymer quality. The European 

Pharmacopoeia (2002) has even recognized chitosan chloride as an approved excipient, 

with specifications and test procedures accordingly.

Thanou, Nihot, Jansen, Verhoef and Junginer (2000) have been especially 

interested in developing chitosan derivatives that are more soluble at physiological pH.
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An N-trimethylated chitosan (TMC) and a mono-N-carboxymethyl chitosan (MCC) have 

both been documented to be soluble at pH 7.4, while retaining the permeation and 

mucoadhesive properties of the original chitosan. Other derivatives include 

phosphorylated chitosans (Win, Shin-ya, Hong and Kajiuchi, 2003) and N-succinyl 

chitosan (Kato, Hiraku, and Machida, 2004), where the additional groups in the polymer 

structure impart improved solubility and the ability to form metal complexes and 

hydrogels. Still others have concentrated on the interaction of chitosan with other 

excipients, including chondroitin, sulfates and hyaluronic acid (Denusiere and company. 

1996), which correlate to uses with other delivery systems, including with liposomes, 

microspheres, micro- and nano-particles.

N, 0-carboxymethyl chitosan (NOCC) is a derivative developed to mimic the 

structure of both chitosan and hyaluronic acid, another naturally occurring polymer which 

has also been investigated as a gel for postoperative wound healing purposes (Diamond, 

et.al., 2003). The derivative is soluble at physiological pH and precipitates out of solution 

as it approaches pH 6 . The solution viscosity is concentration dependent and increases as 

the pH decreases. This characteristic is a function of the “carboxymethylation” of the 

amino and hydroxyl groups as seen in Figure 11.

.,0 NH-

N, 0-CarboxyinelhylCli.itosan (NOCC)

Figure 11. Structure of N, 0-carboxymethyl chitosan (NOCC)
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Other differences with chitosan chloride are noted in table 1. Some of these 

differences may contribute different effects on permeation through membranes. 

Ultimately, not all chitosans are created equal and therefore, the understanding of specific 

parameters of the chitosan material used is important during the evaluation process.

Tablet. Chitosan Comparison

Chitosan Chloride 

Protasan CL213

N, 0-carboxymethyl 

chitosan (NOCC)

Vendor Pronova Chitogenics

Molecular Weight 272,000 -1.7 mil

Viscosity 133cps(l% ) 1315cps(l% )

pH limit for water solubility <6.5 > 6

Chitosan with Caco-2 cells

Chitosans have been evaluated with Caco-2 cells and various effects have been 

described. Chitosans’ effects on Caco-2 cell models has been shown in previous studies 

with small molecules, such as [^"^CJmannitol. Schipper, Varum, Stenberg, Ocklind, 

Lennemas and Artursson (1996) evaluated the effect of chitosans with different molecular 

weight and different degrees of acetylation. They reported that all chitosans bound to the 

cell membrane through a charge-dependent mechanism, and that all enhanced the 

permeation of the '"^C-mannitol marker. Using a rhodamine phalloidin staining process, 

the density of cytoskeletal F-actin was shown to decrease in the presence of chitosan. 

Similar results were seen with the staining of ZO-1 protein. Chitosans with lower degrees
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of acetylation had a faster onset of action. The positive charge was sited as an important 

parameter for cell surface binding and the higher proportion of N-acetylated monomers 

resulted in lower charge density and possibly steric hindrance, which modified binding to 

the cell surface. The interaction with the chitosans with the cell membrane resulted in a 

physical change of the tight junction associated proteins, which lead to enhanced 

paracellular permeation.

P-glycoprotein transport system

The p-glycoprotein transport system is found in the cell membrane of various 

tissues and organs, including liver, kidney, adrenal gland, hlood-brain barrier and 

intestine. This protein efflux transporter is a barrier for several compounds, contributing 

to multi-drug resistance (steroids, protease inhibitors, immunosuppressants, anti-cancer 

compounds, Ca^  ̂channel blockers, and macrolides). The ATP-dependent pump has a 

molecular weight of approximately 170,000 Da and at least four drug binding sites, which 

explains why so many different drugs are substrates. The p-glycoprotein transporter 

presumably functions to protect the vital organs from toxic insults and it has been linked 

to cytochrome P 4 5 0 ,  a metabolizing enzyme, as complimentary systems for drug resistance 

(Yumoto, et.al., 1999).

Wang, Kuo, Lien and Lien (2003) examined the structure-activity relationship of 

p-glycoprotein substrates. Using molecular modeling, two and three dimensional 

parameter frame setting analysis and quantitative structure activity relationship analysis 

on known substrates, modulators and inhibitors, Wang et. al. were able to identify some 

prevalent features of these agents. Generally, p-glycoprotein substrates possess a log P
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value of 2.92 or more, 18-atom or longer molecular axis, and a high Ehomo (energy of the 

highest occupied orbital) value, as Avell as at least one tertiary basic nitrogen atom. 

However, it was specified that these criteria were not absolute, and some known 

substrates did not meet all of these parameters. Furthermore, some compounds that may 

meet these requirements are not appropriate candidates for clinical use.

Figure 12. P-glycoprotein Transport Schematic Diagram

P-glvcoprotein transport svstem on Caco-2 cells

P-glycoprotein transport systems have been found in the Caco-2 cell line, though 

the protein density may vary and may not always represent the same level as in-vivo. 

Cancer cells, in general, have higher density of the efflux pumps, which make them 

especially resistant to certain anti-cancer drugs. Rhodamine 123 is a known p- 

glycoprotein substrate, and Yumoto, Murakami, Nakamoto, Hasegawa, Nagai and Takano
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(1999) evaluated its transport across excised rat intestine and Caco-2 cells in the presence 

of p-glycoprotein inhibitors and cytochrome P450 3 A-related compounds. Their results 

indicated that within experimental error, both p-glycoprotein inhibitors (verapamil) and 

cytochrome P450 related compound (midazolam) improved the transport of rhodamine 123 

in both the Caco-2 cell model {in-vitro) as well as in the rat ileum model {in-vivo). The 

relative inhibitory potencies of these compounds were found to be similar for both 

models, suggesting correlation of in-vitro and in-vivo p-glycoprotein functions.

Other excipients

Many different excipients have been reported to improve drug absorption by 

acting on the mucous layer or membrane components. These include synthetic polymers 

(eg. Carbomers), surfactants and chelating agents.

Carbomers are synthetic polyacrylic polymers often used as gelling agents. In 

the neutral pH range, they are negatively charged and they significantly increase in 

viscosity. The Handbook of Pharmaceutical Excipients by Kibbe (2000) lists that they 

have been investigated for use in wide variety of formulations, including suspensions, 

tablets, sustained release tablets, topical gels and ophthalmic products. They have also 

been used as emulsifying agents and hioadhesive additives for microspheres and site- 

specific granules.

Several types of carbomers are listed in the USP/NF. They vary based on 

molecular weight and viscosity. Pharmaceutical grade resins have lower residual benzene 

and ethyl acetate levels. Carbopol 934P has a pH dependent viscosity range of 29,400 to 

39,400 centipoise when neutralized in a 0.5% aqueous dispersion.
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Junginger and Coos Verhoef (1998) refer to the use of carbomers for protein 

drug delivery because the polyacrylic acid derivatives have demonstrated inhibition of 

activity of enzymes in the gut, including trypsin, a-chymotrysin and carboxypeptidases. 

These enzymes require stabilization with divalent cations such as Ca^”̂ and Zn̂ "̂  and it is 

therefore believed that the carbomers disrupt this with its high affinity for the cations. 

While this increases the amount peptide available for absorption, it is only temporary as 

the enzymes were shown to return within 1 0 - 2 0  minutes.

HOOC

HOOC
. . a , .

COOH

COOH

Carbopol 934P 

R = allylsucrose

Figure 13. Structure of Crosslinked Polyacrylic Acid (Carbopol 934P)

Polysorbate 80 (Tween 80) is a nonionic surfactant often used as a wetting, 

solubilizing or emulsifying agent. It has been used in a wide variety of pharmaceutical 

products, including oral and parenteral suspensions and topical emulsions systems. The 

polysorbate family consists of polyoxylene sorbitan fatty acid esters that have varying 

molecular weights and varying ratios of the partial fatty acid esters of sorbitol and its 

anhydrides copolymerized with ethylene oxide at 20, 5 or 4 moles per mol of sorbitol.
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Figure 14. Structure of Polysorbate 80

Surfactants and fatty acids improve transcellular permeation by phospholipids 

acyl chain perturbation. They are also thought to alter carrier-mediated systems by 

changing the phospholipid membrane fluidity. Rege, Kao and Polli (2002) evaluated the 

effects on non-ionic surfactants on the membrane transporter in Caco-2 cell monolayers. 

They concluded that while Tween 80, Cremophor EL and Vitamin E TPGS can all inhibit 

p-glycoprotein transporters, only Tween 80 inhibited the peptide transporter and only 

Cremophor EL inhibited the monocarboxylic acid transporter. Rege and company 

suggested that although all of the non-ionic surfactants evaluated can alter membrane 

fluidity, the selective effect of certain surfactants to specific transporters suggests that 

another mechanism is involved.

Disodium Edetate is a chelating agent with some preservative properties that is 

often used as an additive in formulations. It is the salt form of ethylenediamine- 

tetraacetic acid or EDTA, which forms stable water-soluble complexes (chelates) with
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metal ions. They are often used as an anti-oxidant synergist, complexing with metal ions, 

which may catalyze oxidation reactions.

Ethylcnc-Diamlnc-Tetra-Acetate

CHr-CHs
r 0 No

Figure 15. Structure of EDTA

Edetate disodium (EDTA) can improve both transcellular and paracellular 

permeation. As with carbomers, EDTA inhibits enzyme activities in the gut by disrupting 

the enzymes’ high affinity for the cations. This could then allow improved bioavailability 

for protein drugs. The effect is also concentration dependent, but since EDTA is a 

smaller compound and it is easier to use, it has been proposed for use in combination with 

other systems, including chitosan.

EDTA and carbomers have also been shown to improve paracellular permeation. 

Generally, Junginger and Coos Verhoef (1998) surmised that the effect on paracellular 

permeation with EDTA and carbomers are the result of interactions with endogenous Ca^  ̂

ions (ionic interaction by carbomers, and complexation by EDTA) which then triggers the 

cells to release Ca^  ̂ions to compensate, which then indirectly relaxes the tight junction 

and improves permeation pathway. Thus, the effect is concentration dependent for both
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excipients and endogenous ions. This has been supported with experiments where 

Caco-2 cells were shown to be more permeable when conducted without Ca^  ̂ions than 

the same cells with Ca^  ̂ions in the test solution. However, the conditional effectiveness 

of the excipients has made this a less prominent reason for using these excipients.
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CHAPTER 3 

OBJECTIVES/STATEMENT OF THE PROBLEM

The objective for these experiments was to evaluate the permeation of ketotifen, 

FITC-Dextran and Rhodamine 123 through a Caco-2, human intestinal epithelial cell 

model. Two are passive (transcellular and paracellular) drug models, ketotifen and FITC- 

Dextran, and one is a p-glycoprotein transport substrate, Rhodamine 123, which provides 

an example for an active transport system. Each model drug compound’s permeation was 

evaluated in conjunction with a range of excipients such as chitosan, carbomers, 

surfactants and chelating agents. Additionally, FITC Oligonucleotide was evaluated with 

and without chitosan. This helped to determine if these excipients affect drug permeation 

as well as the epithelial cell monolayer itself. The specific aims are listed below.

Specific aim A

1) To evaluate the feasibility of Caco-2 cell culture model for evaluating 

formulations

2) To develop analytical techniques for the measurement of drug model 

permeation

a. HPLC -  ketotifen

b. Fluorescent labeled -  FITC-Dextran

c. Fluorescent - Rhodamine 123

d. Fluorescent labeled -  FITC Oligonucleotide
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3) To use Transepithelial Electrical Resistance as a measure of cell monolayer 

integrity.

Specific aim B

1) To evaluate formulations with different concentrations of chitosan and N,0- 

carboxymethyl chitosan (NOCC) to determine any dose response effect for 

ketotifen and FITC-Dextran permeation.

2) To screen formulations with excipients such as carbomers, surfactants and 

disodium edetate (EDTA) for ketotifen and FITC-dextran permeation.

3) To determine if there are any additive effect of combining chitosan with 

EDTA.

Specific aim C

1) To determine if any of the excipients affect the p-glycoprotein transport

system

a. Screen all excipients (chitosan, NOCC, carbomers, surfactants, and 

EDTA) on Rhodamine 123, a p-glycoprotein marker.

b. The effect of the excipients on active transport will he tested with known 

inhibitors to attempt to isolate its mechanism of action. Sodium azide is a 

known ATP-inhibitor, which thus would inhibit any active transport 

system, which require ATP energy. Verapamil is a calcium channel 

blocker and a known inhibitor of the p-glycoprotein substrate.
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CHAPTER 4 

METHODS

Growth and maintenance of cells

Caco-2 cells are derived from human colon adenocarcinoma cells and can be 

obtained from a variety of sources. The American Type Culture Collection (ATCC) is a 

known supplier and the cells are generally grown in a serum containing culture media. 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 1% non-essential 

amino acids (ATCC Catalog no. 30-2003), 10% fetal calf serum and antibiotics are 

usually used. The cells strongly attach to the plastic of the tissue culture flask and 

required Trypsin-EDTA for removal. Caco-2 cells are cultured at 37°C with 5% CO2 

and were limited to about 1 0 0  passes, as the more rapidly growing cells may result in 

altered phenotypes.

Figure 16. Caco-2 cells
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Permeable cell culture supports are ideal growing cells for transport and 

permeability evaluations. Costar Transwell inserts feature a 0.4|am pore polyester 

membrane that the cells are cultured. The membrane is permeable and clear, allowing 

cell visibility under a contrast microscope. Media is added into each well, and the 

membrane inserts seeded with cells (15,000-20,000 cells per insert) and placed into each 

well. The insert plate is incubated and media is changed on both apical and basolateral 

side of the membrane inserts every other day. Caco-2 cells are confluent and 

differentiated after 21-30 days.
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Figure 17. Transwell Inserts
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Transepithelial electrical resistance ITEER')

Assessment of the monolayer integrity can be performed by measuring the 

Transepithelial Electrical Resistance (TEER) across the cell layer. This is most 

conveniently done with specially designed electrodes that measure the resistance in 

ohms. As the cells grow and the tight junctions develop, the resistance increases and 

Caco-2 cells will reach resistances ranging from 100 to 1000 ohms-cm^ or more.

Figure 18. Millicell ERS Ohmmeter

Other means of measuring integrity include measuring the permeation of 

radiolabelled marker ['"^CJ-maimitol. This measures the passive transport through the 

paracellular route. Thus permeability is also a measure of the confluence of the cell 

monolayer and fully developed tight junctions. Visualization of the cells can help to 

determine the homogeneity and appearance of the cells. Fluorescence microscopy can be 

a powerful tool for examining the integrity and changes in barrier properties.
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Transport studies on Caco-2 cells arc usually performed on cells seeded onto the 

permeable inserts, with the compound added to the apical side and the appearance of the 

compound in the basolateral side is measured as function of time. While the studies can 

be conducted in media, for ease of assay, often a buffer salt solution is used during the 

study. Hank’s Balanced Salt Solution is a marketed product with various salts and 

buffers, which can maintain cells for several hours. See Appendix for HESS 

composition.

The transport rate is calculated and the value is expressed as Papp or apparent 

permeability coefficient.

Papp = (dc/dt) X (I/A.6 O.C0) [Eq. 1]

Where Papp = apparent permeability coefficient (cm/s) 

dc/dt = permeability rate (conc./min)

A = diffusion area of the monolayer (cm^)

Co = initial concentration

The measurement of drug in this experiment can be done by a variety of 

analytical techniques. High performance liquid chromatography (HPLC) is a preferred 

method, since it is specific to the compound and can reveal if the compound is being 

degraded or metabolized. Other methods, depending on the compound, are available, 

including radiolabel, fluorescent and enzyme linked immuno assay techniques. More 

recently, advanced analysis techniques with liquid chromatography/mass spectrometry/ 

mass spectrometry (LC/MS/MS) have been used to compile a permeation library 

(Stevenson, et.al., 1998).
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Generally, more hydrophobic drug substances have better cell permeation than 

hydrophilic compounds. Smaller molecular weight drugs generally pass through cell 

membranes via the passive transport mechanisms, either across the cells (transcellular) or 

between the cells via the tight junctions (paracellular). Hydrophilic and charged 

molecules have shown selectivity through the tight junctions.

A drug model suggested for evaluation is ketotifen fumarate. It is a known 

pharmaceutical compound with documented physical and chemical characteristics and an 

established HPLC assay method.

CH.

HO-C-GH
• HC-C-OH

c.,H.,Nos • c , a o .

MW: 425.5

Figure 19. Structure of Ketotifen fumarate

Ketotifen fumarate is an antihistamine and mast cell stabilizer developed for use 

as an anti-allergy product. It is formulated in oral and ophthalmic solution products. 

Ketotifen is a weak base that is more stable in acidic conditions.
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Ketotifen assay

Previous experiments had shown that the HPLC assay method for ketotifen 

sufficiently separated ketotifen in the media solution and the peak area was linear to drug 

concentration. The assay method uses a Phenomenex Prodigy 0DS(3) column, 3pm, 

15cm X 2 mm and 0.1% trifluoroacetic acid (adjusted to pH 3 with 

triethylamine):acetonitrile (70:30) mobile phase. The UV detector was set to wavelength 

of 300 nm and the flow rate was 0.5 ml per min. The injection volume was 10 pi; the run 

time was 20 minutes and all work was conducted on a Waters 2695 HPLC system, 

controlled, and integrated by Waters Empower Pro software.

Ik

\2 .m  ” 4.00  13.00 18.00  20 .{

Figure 20. Ketotifen chromatogram in media

This method was slightly modified for Ketotifen in Hank’s Balance Salt Solution 

(HESS). The assay method uses a Phenomenex Prodigy ODS(3) column, 3pm, 15cm x 

2 mm and 0.1% trifluoroacetic acid (TEA) with 0.1% triethylamine (TEA) in water 

:acetonitrile (with 0.1% TEA and 0.1% TEA) (75:25) mobile phase, mixed in-situ. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

UV detector was set to wavelength of 300 nm and the flow rate was 0.7 ml per min. The 

injection volume was 1 0  pi; the run time was 1 0  minutes and all work was conducted on 

a Waters 2695 HPLC system, controlled, and integrated by Waters Empower Pro 

software. These minor changes allowed for a faster assay, with a more accurate mobile 

phase mixture, without concern of solvent evaporation during long run times. The 

method was still rugged and sensitive, and sufficient for our studies.
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Figure 21. Chromatogram - 0.25 mg/mL Ketotifen Standard in HBSS
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Figure 22. Chromatogram - 0.0025 mg/mL Ketotifen Standard in HBSS
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Figure 23. Ketotifen Assay Linearity
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Figure 24. Chromatogram - Ketotifen Sample in HBSS
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FITC dextran assay

Fluorescein isothiocyanate (FITC) dextrans are non-ionic models that are 

available in a variety of molecular weights (4000 to 2 million). The fluorescent-labeled 

dextrans are polysaccharides, which consist of glucose monomers with 0.1 mol FITC per 

I mol of glucose. Fluorescence was detected using the Cytofluorometer 2300 with the 

emission and excitation wavelengths set to 485 and 530 nm respectively and the 

sensitivity set at the third level. This was determined to be sufficient for our studies.

FITC Dextran Cone. vs. Intensity

6000
p  5000
w c 4000 

£ 3000 
o 2000 
^ 1000

0 0.01 0.02 0.03 0.04 0.05 0.06

Cone. (mg/mL)

Figure 25. FITC Dextran Linearity

Rhodamine 123 assav

Rhodamine 123 is a p-glycoprotein active transport substrate, which can be used 

to evaluate the effect of excipients on this protein transport system. Rhodamine 123 is a 

cationic, hydrophilic compound, which can be detected by fluorescence analysis.
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Fluorescence was detected using the Cytofluorometer 2300 with the emission and 

excitation wavelengths set to 485 and 530 nm respectively and the sensitivity set at the 

third level. It was determined that this was a very" sensitive method, and was sufficient 

for our experiments.

Rhodamine 123 Linearity

5000 

~  4000(A
C
0> 3000c
^  2000

R2 = 0.9975o
3
iz 1000

0 0.2 0.4 0.6 0.8 1 1.2

Cone. (uM)

Figure 26. Rhodamine 123 Assay Linearity

FITC oligonucleotide assav

Oligonucleotides are short RNA or single DNA fragment strands up to 100 

nucleotides in length. The fluoreseein isothiocyanate (FITC) labeled oligonucleotide is 

anionic hydrophilic compound, and the FITC labeling allows it to be detected by 

fluorescence analysis.
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Figure 27. Example Oligonucleotide structure

5’ GGA AAC ACA TCC TCC ATG 3’ MW ; 5725.6 g/mol 

Figure 28. Nucleotide sequence

Fluorescence was detected using the Cytofluorometer 2300 with the emission and 

excitation wavelengths set to 485 and 530 nm respectively and the sensitivity set at the 

third level. It was determined that this was a very sensitive method, and was sufficient 

for our experiments.
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FITC O ligonucleotide Linearity
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Figure 29. FITC Oligonucleotide Assay Linearity

In all experiments, Caco-2 cells were grown for a minimum of 21 days in the 

Transwell inserts. They were determined to have a TEER value of at least 300 ohms-cm^, 

except where indicated. The cells were equilibrated with Hank’s Balanced Salt Solution 

(HBSS). Samples containing test compound in HBSS was compared with HBSS 

containing test compound with various excipients.

Each sample solution was delivered to the apical side of the 3 cell inserts. At 15, 

30, 60, 90 minutes, 2 and 3 hour intervals, the TEER was measured, and the samples from 

the basolateral side were assayed by High Pressure Liquid Chromatography (HPLC) for 

ketotifen or by the cytoflourometer for FITC Dextran, Rhodamine 123 and FITC 

Oligonucleotide.
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Effect of excipients on ketotifen permeation 

In these experiments, Caco-2 cells were grown at least 21 days in Transwell 

inserts and pre-washed and equilibrated with Hank’s Balanced Salt Solution (HBSS), and 

a baseline for Transepithelial Electrical Resistance (TEER) and assay value were 

established. The average initial TEER value for these experiments was 387 ohm cm^. 

HBSS (prepared and filtered through 0.2-micron filter) containing 0.025% Ketotifen 

(Ketotifen fumarate, Novartis lot 96802) was compared with HBSS containing 0.025% 

Ketotifen and the following excipients:

a) 0.001, 0.005, 0.01% Protasan CL213 (Pronova batch no. 607-783-02) -  pH 
-^6.3

b) 0.05, 0.2, 0.5% N, 0-Carboxymethyl Chitosan (Chitogenics Batch PlOl 
N0CC5)

c) 0.5% Carbopol 934P (BF Goodrich lot no. CC02HBB493)

d) 1 mM Polysorbate 80 (Croda lot T4H-1014)

e) 0.01% Disodium Edetate (GIBA lot MC60517)

A 100-pL sample of each test solution was delivered to the apical side of the cell 

inserts and the plate was then incubated at 37°C. At 15, 30, 60, 90 minutes, 2 and 3 hour 

intervals, the TEER was measured, and the samples were collected from the basolateral 

side of cell inserts measured by High Pressure Liquid Chromatography (HPLC) assay for 

ketotifen.

The TEER value of each insert was determined using the Millicell ERS 

Ohmmeter. The initial TEER value of each insert was recorded zero time before 

application of the test solutions. The TEER values over time were then compared to the 

initial TEER to monitor any changes. This is calculated with the equation listed below.
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% Initial TEER = ---- --------------------- x 100 [Eq. 2 ]
InitialTEER Value

The values of the inserts, which were tested with the same test solutions, are then 

averaged and the standard deviation calculated.

At each time interval, lOO-qL samples were collected from the basolateral side of 

cell inserts and 100-pL of HBSS was added to the basolateral side. The samples were 

collected in amber glass vials and refrigerated until assayed by High Pressure Liquid 

Chromatography (HPLC) assay. Using external standards, the results were calculated 

based on integrated peak area, the values of the samples from the inserts with the same 

test solutions were then averaged, and the standard deviation calculated.

The apparent permeability coefficients (Papp) were calculated using the following 

equation:

Papp = (de/dt) X (I/A.6 O.C0) [Eq. 1]

Where Papp = apparent permeability coefficient (cm/s) 

dc/dt = permeability rate (conc./min)

A = diffusion area of the monolayer (0.33 cm^)

Co = initial concentration (0.25 mg/mL ketotifen)

The data were analyzed by Analysis of Variance (ANOVA) to determine if each 

variable was significantly different from the control value (p-value < 0.005). These 

results are graphed and tabulated on pages 50 to 64.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

Effect of excipients on FITC dextran permeation

In these experiments, Caco-2 cells were grown for 21 days in Transwell inserts 

and pre-washed and equilibrated with Hank’s Balanced Salt Solution (HBSS), and a 

baseline for Tremsepithelial Electrical Resistance (TEER) and assay value were 

established. The average initial TEER value for these experiments was 387 ohm-cm^. 

Hank’s Balanced Salt Solution (prepared and filtered through 0.2 micron filter) 

containing 10 mg/mL FITC-Dextran (40,000 MW Sigma lot 110K5302) was compared 

with Hank’s Balanced Salt Solution (HBSS) containing 10 mg/mL FITC-Dextran and the 

following excipients:

a) 0.001, 0.005, 0.01% Protasan CL213 (Pronova batch no. 607-783-02), pH 
-6.3

b) 0.05, 0.2, 0.5% N, 0-Carboxymethyl Chitosan NOCC (Chitogenics Batch 
PlOl N0CC5)

c) 0.5% Carbopol 934P (BF Goodrich lot no. CC02HBB493)

d) 1 mM Polysorbate 80 (Croda lot T4H-1014)

e) 0.01 % Disodium Edetate (CIBA lot MC60517)

f) 0.005% Protasan CL213(Pronova batch no. 607-783-02) with 0.005% 
Disodium Edetate (CIBA lot MC60517)

A lOO-pL sample of each test solution was delivered to the apical side of the cell 

inserts. At 15, 30, 60, 90 minutes, 2 and 3 hour intervals, the TEER was measured, and 

the wells were measured by the cytoflourometer at excitation and emission wavelength of 

480 nm and 530 nm respectively.

The TEER value of each insert was determined using the Millicell ERS 

Ohmmeter. The initial TEER value of each insert was recorded zero time before 

application of the test solutions. The TEER values over time were then compared to the 

initial TEER to monitor any changes. This is calculated with the equation [2]. The
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values of the inserts, which were tested with the same test solutions, are then averaged 

and the standard deviation calculated.

At each time interval, the inserts were removed and the fluorescence of each well 

was measured using the cytoflourometer set at excitation and emission wavelength of 480 

nm and 530 nm respectively. Subtracting for blank values and based on known 

concentration -  fluorescence relationship, the concentration was determined for each 

well. The results of those treated with the same solution were then averaged and standard 

deviation calculated.

The apparent permeability coefficients (Papp) were calculated using equation [1]. 

The data were analyzed by Analysis of Variance (ANOVA) to determine if each variable 

was significantly different from the control value (p-value < 0.005). These results are 

graphed and tabulated on pages 65 to 84.

Effect of excipients on Rhodamine 123 permeation

In these experiments, Caco-2 cells were grown for 21 days in the Transwell inserts 

and pre-washed and equilibrated with Hank’s Balanced Salt Solution (HBSS), and a 

baseline for Transepithelial Electrical Resistance (TEER) and assay value with be 

established. The average initial TEER value for these experiments was 488 ohm-cm^. 

Hank’s Balanced Salt Solution (prepared and filtered through 0.2 micron filter) 

containing 10 pM Rhodamine 123 (Sigma lot 013K3744) was compared with Hank’s 

Balanced Salt Solution (HBSS) containing 10 pM Rhodamine 123 and the following 

excipients:
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a) 100 fj,M Verapamil hydrochloride (Sigma lot 109F0724)

b) 100 pM Sodium Azide (Sigma lot 41H013K3744)

c) 0.01% Protasan CL213 (Pronova batch no. 607-783-02), pH ~6.3

d) 0.5% N, 0-Carboxymethyl Chitosan NOCC (Chitogenics Batch PlOl 
N0CC5)

e) 0.5% Carbopol 934P (BF Goodrich lot no. CC02HBB493)

f) 1 mM Polysorbate 80 (Croda lot T4H-1014)

g) 0.01 % Disodium Edetate (CIBA lot MC60517)

A 100-pL sample of each test solution was delivered to the apical side of the cell 

inserts. At 15, 30, 60, 90 minutes, 2 and 3 hour intervals, the TEER was measured, and 

the wells were measured by the cytoflourometer at excitation and emission wavelength of 

480nm and 530 nm respectively.

The TEER value of each insert was determined using the Millicell ERS 

Ohmmeter. The initial TEER value of each insert was recorded zero time before 

application of the test solutions. The TEER values over time were then compared to the 

initial TEER to monitor any changes. This is calculated with the equation [2]. The 

values of the inserts, which were tested with the same test solutions, are then averaged 

and the standard deviation calculated.

At each time interval, the inserts were removed and the fluorescence of each well 

was measured using the cytoflourometer set at excitation and emission wavelength of 480 

nm and 530 nm respectively. Subtracting for blank values and based on known 

concentration -  fluorescence relationship, the concentration was determined for each 

well. The results of those treated with the same solution were then averaged and standard 

deviation calculated.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



46

The apparent permeability coefficients (Papp) were calculated using equation [1]. 

The data were analyzed by Analysis of Variance (ANOVA) to determine if each variable 

was significantly different from the control value (p-value < 0.005). These results are 

graphed and tabulated on pages 84-93.

Effect of excipients on Rhodamine 123 nermeation

In these experiments, Caco-2 cells were grown for 21 days in Transwell inserts 

and pre-washed and equilibrated with Hank’s Balanced Salt Solution (HBSS), and a 

baseline for Transepithelial Electrical Resistance (TEER) and assay value with be 

established. The baselines TEER for these experiments were lower than the others 

(average ~ 144 ohm cm^). Hank’s Balanced Salt Solution (prepared and filtered through 

0.2 micron filter) containing 10 pM Rhodamine 123 (Sigma lot 013K3744) was 

compared with Hank’s Balanced Salt Solution (HBSS) containing 10 pM Rhodamine 

123 and the following excipients:

a) 100 pM Verapamil hydrochloride (Sigma lot 109F0724)

b) 100 pM Sodium Azide (Sigma lot 41H013K3744)

c) 0.01% Protasan CL213 (Pronova batch no. 607-783-02), pH ~6.3

d) 100 pM Verapamil hydrochloride -i- 0.01 % Protasan CL213

e) 100 pM Sodium azide + 0.01% Protasan CL213

A 100-pL sample of each test solution was delivered to the apical side of the cell 

inserts. At 15, 30, 60, 90 minutes, and 2 hour intervals, the TEER were measured, and 

the wells were measured by the cytoflourometer at excitation and emission wavelength of 

480nm and 530 run respectively.
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The TEER value of each insert was determined using the Millicell ERS 

Ohmmeter. The initial TEER value of each insert was recorded zero time before 

application of the test solutions. The TEER values over time were then compared to the 

initial TEER to monitor any changes. This is calculated with the equation [2]. The 

values of the inserts, which were tested with the same test solutions, are then averaged 

and the standard deviation calculated.

At each time interval, the inserts were removed and the fluorescence of each well 

was measured using the cytoflourometer set at excitation and emission wavelength of 480 

nm and 530 nm respectively. Subtracting for blank values and based on known 

concentration -  fluorescence relationship, the concentration was determined for each 

well. The results of those treated with the same solution were then averaged and standard 

deviation calculated.

The apparent permeability coefficients (Papp) were calculated using equation [1]. 

The data were analyzed by Analysis of Variance (ANOVA) to determine if each variable 

was significantly different from the control value (p-value < 0.005). These results are 

graphed and tabulated on pages 95 to 104.

Effect of Protasan CL213 on FITC oligonucleotide permeation

In these experiments, Caco-2 cells were grown for 21 days in the Transwell inserts 

and pre-washed and equilibrated with Hank’s Balanced Salt Solution (HBSS), and a 

baseline for Transepithelial Electrical Resistance (TEER) and assay value with be 

established. The baselines TEER for these experiments were lower than the others 

(average ~ 160 ohm cm^). Hank’s Balanced Salt Solution (prepared and filtered through
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0.2 micron filter) containing 0.605 mg/mL FITC Oligonucleotide (TriLink 

Biotechnologies lot number D22-0314-A2) was compared with Hank’s Balanced Salt 

Solution (HBSS) containing 0.605 mg/mL FITC Oligonucleotide and 0.01% Protasan 

CL213 (Pronova batch no. 607-783-02).

A lOO-pL sample of each test solution was delivered to the apical side of the cell 

inserts. At 15, 30, 60, 90 minutes, 2 and 3 hour intervals, the TEER was measured, and 

the wells were measured by the cytoflourometer at excitation and emission wavelength of 

480nm and 530 nm respectively.

The TEER value of each insert was determined using the Millicell ERS 

Ohmmeter. The initial TEER value of each insert was recorded zero time before 

application of the test solutions. The TEER values over time were then compared to the 

initial TEER to monitor any changes. This is calculated with the equation [2]. The 

values of the inserts, which were tested with the same test solutions, are then averaged 

and the standard deviation calculated.

At each time interval, the inserts were removed and the fluorescence of each well 

was measured using the cytoflourometer set at excitation and emission wavelength of 480 

nm and 530 nm respectively. Subtracting for blank values and based on known 

concentration -  fluorescence relationship, the concentration was determined for each 

well. The results of those treated with the same solution were then averaged and standard 

deviation calculated.

The apparent permeability coefficients (Papp) were calculated using equation [I]. 

The data were analyzed by Analysis of Vziriance (ANOVA) to determine if each variable
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was significantly different from the control value (p-value < 0.005). These results are 

graphed and tabulated on pages 105-109.
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CHAPTER 5 

RESULTS
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Figure 30. Effect of Protasan CL213 Concentration and Ketotifen on TEER
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Table 2. Effect o f  Protasan CL213 Concentration on TEER

51

% Initial TEER (Avg. n=3) ± SD

Time (min) Control
0.001% Protasan 

CL213
0.005% Protasan 

CL213
0.01% Protasan 

CL213

0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0

15 106.13 ±5.32 97.48 ± 8.53 60.90 ± 14.54 50.01 ±4.83

30 112.39 ±7.05 90.92 ± 8.72 43.09 ± 12.78 35.24 ±2.20

60 115.38 ±5.31 80.31 ± 12.16 24.47 ±5.61 21.97 ±3.89

90 108.97 ±3.00 68.38 ± 14.98 20.52 ± 4.08 20.24 ±3.77

1 2 0 104.15 ±0.94 59.78 ± 15.46 18.75 ±3.48 19.59 ±5.34

180 95.25 ± 1.91 43.58 ± 14.26 15.54 ±2.10 17.50 ±4.49
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Figure 31. Effect of Protasan CL213 Concentration on Ketotifen Permeation
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Table 3. Effect o f  Protasan CL213 Concentration on Ketotifen Permeation

Ketotifen Cone. (xlO'^mg/mL) results (Avg. n=3) ± SD

Time

(min) Control

0.001% Protasan 

CL213

0.005% Protasan 

CL213

0.01% Protasan 

CL213

0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0

15 2.12 ±0.34 2.83 ± 0.75 1.84 ±0.34 1.56 ±0.20

30 4.65 ±0.57 5.53 ±0.62 4.90 ±0.69 5.24 ±0.93

60 7.28 ±0.58 9.85 ± 0.44 9.24 ±0.59 9.74 ± 0.75

90 9.44 ± 0.97 12.6± 1.15 1 2 .1  ± 0 . 6 6 11.8±0.91

1 2 0 10.4± 1.17 13.7 ±0.79 15.4 ±2.88 14.5 ±0.51

180 12.4 ± 1.53 15.8 ± 1.66 17.2 ± 1.64 18.2 ± 1.59
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Table 4. The Effect o f  Protasan CL 213 Concentration on the Papp o f Ketotifen

Ave Papp X 10'  ̂(cm/s) ± SD P-value

Control 1.06 ±0.34 —

0.001% Protasan CL213 1.29 ±0.12 0.289

0.005% Protasan CL213 2.06 ± 1.07 0.018

0.01% Protasan C1213 1.62 ± 0 . 1 2 0 . 0 2 0
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NOCC Concentration on TEER
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Figure 32. Effect of NOCC Concentration and Ketotifen on TEER
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Table 5. Effect o f  NOCC Concentration and Ketotifen on TEER

56

% Initial TEER (Avg. n=3) ± SD

Time (min) Control 0.05% NOCC 0.2% NOCC 0.5% NOCC

0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0

15 114.63 ±4.64 106.26± 1 2 .1 1 99.38 ±5.84 100.01 ± 5.42

30 123.21 ±5.98 111.12±8.55 108.05± 7.04 113.24±9.10

60 137.02± 6.14 112.90 ±5.90 107.07 ±3.06 115.14± 14.49

90 144.76± 7.29 115.22 ±5.20 107.30 ±3.09 113.34 ± 13.47

1 2 0 143.88 ± 1.78 112.34 ±7.57 110.02 ±4.10 111.73 ±8.69

180 129.78 ±2.71 107.13 ±3.09 99.75 ± 1.98 101.56 ±7.61
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Figure 33. The Effect of NOCC Concentration on Ketotifen Permeation
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Table 6. Effect o f  NOCC Concentration on Ketotifen Permeation

Ketotifen Cone. (xlO'^mg/mL) results (Avg. n=3) ± SD

Time (min) Control 0.05% NOCC 0.2% NOCC 0.5% NOCC

0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0

15 2.12 ±0.34 5.65 ± 1.57 3.39 ±0.70 3.55 ± 0.49

30 4.65 ± 0.57 7.60 ±0.94 9.66 ±2.13 9.47 ± 2.47

60 7.28 ± 0.58 13.0 ±0.38 13.5 ± 1.85 12.6± 1.14

90 9.44 ± 0.97 14.9 ± 1.42 15.3. ± 1.49 15.3 ±2.15

1 2 0 10.4± 1.17 16.0 ± 1.57 16.6± 1.17 17.1 ±2.80

180 12.4 ± 1.53 17.8 ± 1.61 18.8 ± 1.96 19.2 ±3.46
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Table 7. The Effect o f  NOCC Concentration on the Papp o f Ketotifen

Ave Papp X 10'  ̂(cm/s) ± SD P-value

Control 1.06 ±0.34 —

0.05% NOCC 2.03 ± 1.25 0.035

0.2% NOCC 2.31 ±0.51 0.0009*

0.5% NOCC 2.98 ± 1.33 0.0009*

Significantly different from control
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Effect of Carbopol, Polysorbate 80 and 
EDTA on TEER
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Figure 34. Effect of Various Excipients and Ketotifen on TEER
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Table 8. The Effect o f  Various Excipients and Ketotifen on TEER

61

% Initial TEER (Avg. n=3) ± SD

Time (min) Control Carbopol 934 P Polysorbate 80 EDTA

0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0

15 105.61 ±4.90 113.27 ±9.62 110.12 ±7.64 101.81 ±7.97

30 109.35 ± 8.40 117.49 ± 10.67 114.31 ±4.97 107.00 ±3.88

60 106.04 ±3.93 114.25 ±8.60 105.26 ± 1.15 110.48 ± 1.70

90 105.80 ±2.62 108.29 ±8.14 97.48 ± 3.93 103.17 ±2.36

1 2 0 96.31 ±8.59 104.19 ±7.01 94.76 ±5.18 96.39 ±2.01

180 91.17± 11.25 101.44±8.18 84.77 ±5.13 91.65 ±3.89
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Figure 35. Effect of Various Excipients on Ketotifen Permeation
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Table 9. Effect of Various Excipients on Ketotifen Permeation

Ketotifen Cone. (xlO'^mg/mL) results (Avg. n=3) ± SD

Time (min) Control Carbopol 934 P Polysorbate 80 EDTA

0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0

15 2.12 ±0.34 2.32 ±0.34 4.23 ± 0.88 3.39 ±0.87

30 4.65 ± 0.57 3.89 ±0.34 9.74 ±0.53 8.44 ± 1.01

60 7.28 ±0.58 5.71 ±0.83 15.64 ±0.89 13.90 ± 1.43

90 9.44 ± 0.97 7.98 ± 0.54 16.63 ± 0.82 14.66 ± 0.78

1 2 0 10.4± 1.17 8.78 ±0.36 17.64 ±0.74 15.81 ±0.63

180 12.4 ± 1.53 10.5 ± 0.82 18.0 ± 0 . 8 6 17.07 ±0.96
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Table 10. Effect o f  Different Excipients on Papp o f Ketotifen

Ave Papp X 10'  ̂(cm/s) ± SD P-value

Control 1.06 ±0.34 - -

0.5% Carbopol 934? 1.38 ±0.13 0.149

1 mM Polysorbate 80 2.32 ±0.36 0 .0 0 0 2 *

0.01% Disodium Edetate 2.10±0.14 0.0004*

* Significantly different from control
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Chitosan Concentration on TEER
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Figure 36. Effect of Protasan CL213 Concentration and FITC Dextran on TEER
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Table 11. Effect o f  Protasan CL213 Concentration and FITC Dextran on TEER

% Initial TEER (Avg. n=3) ± SD

Time (min) Control
0.001% Protasan 

CL213
0.005% Protasan 

CL213
0.01% Protasan 

CL213

0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0

15 82.39 ±3.76 82.72 ± 4.27 65.17 ±3.60 57.90 ±3.68

30 79.13 ±5.39 74.80 ±3.25 46.12 ±3.82 38.77 ±4.97

60 76.87 ± 4.63 66.77 ± 4.05 30.56 ±3.65 23.19 ±5.99

90 76.62 ± 9.38 63.20 ±4.65 22.75 ± 4.75 19.78 ±5.37

1 2 0 74.35 ± 8.63 60.25 ± 5.91 20.55 ± 6.03 17.98 ±5.22

180 75.60 ± 10.39 58.08 ±6.67 18.26 ±4.68 17.92 ±5.97
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Table 12. Effect o f  Protasan CL213 Concentration on FITC Dextran Permeation

FITC Dextran Cone. (xIO'^mg/mL) results (Avg. n=3) ± SD

Time

(min) Control

0.001% Protasan 

CL213

0.005% Protasan 

CL213

0.01% Protasan 

CL213

0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0 0 . 0 0  ± 0 . 0 0

15 0.12 ±0.32 0.18 ±0.05 0.06 ± 0.07 0.08 ± 0.08

30 0.51 ±0.31 0.13 ±0.04 0.38 ±0.12 0.18 ± 0 . 2 0

60 0.88 ± 0.49 0.35 ± 0.04 1.08 ±0.38 0.97 ±0.50

90 1.29 ±0.76 0.79 ± 0.23 2.64 ±0.59 2.58 ±0.80

1 2 0 1.83 ±0.88 1.20 ±0.35 6.08 ± 0.92 5.96 ± 1.49

180 2.30 ±0.98 2.11 ±0.50 16.8 ±0.30 16.8 ±4.0
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Table 13. Effect o f  Protasan CL213 Concentration on the Papp o f FITC Dextran

Ave Papp X 10'* (cm/s) ± SD P-value

Control 8.0 ±3.67 —

0.001% Protasan CL213 7.16 ±2.74 0.716

0.005% Protasan CL213 40.7 ±2.9 9.8 X 10"'"*

0.01% Protasan C1213 42.0 ±9.5 3.7 X 10'**

Significantly different from control (p«<0.005)
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Figure 38. Effect of NOCC Concentration and FITC Dextran on TEER
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Table 14. The Effect o f  NOCC Concentration and FITC Dextran on TEER

% Initial TEER (Avg. n=3) ± SD

Time (min) Control 0.05% NOCC 0.2% NOCC 0.5% NOCC

0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0 1 0 0 . 0 0  ± 0 . 0 0

15 75.90±3.16 79.03 ± 1.58 83.18 ±3.08 91.63 ±7.55

30 75.69 ±2.14 79.13 ±2.83 80.09 ±3.31 84.06 ±4.31

60 74.50 ±0.28 79.59 ±2.31 77.45 ± 5.80 84.54 ±4.31

90 74.98 ± 1.10 78.35 ±4.89 75.07 ±3.88 79.08 ±4.34

1 2 0 75.75 ± 0.45 79.23 ±5.31 77.89 ±4.81 79.01 ±6.81

180 77.28 ± 4.24 80.12 ±8.07 75.13 ±4.63 75.97 ± 4.90
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Table 15. The Effect o f  NOCC Concentration on FITC Dextran Permeation

FITC Dextran Cone. (xlO‘̂ mg/mL) results (Avg. n=3) ± SD

Time (min) Control 0.05% NOCC 0.2% NOCC 2% NOCC

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

15 0.12 ±0.32 0.25 ± 0.03 0.08 ± 0.01 0.12 ±0.10

30 0.51 ±0.31 0.59 ±0.06 0.35 ± 0.04 0.25 ± 0.22

60 0.88 ± 0.49 1.1 ±0.05 0.79 ± 0.09 0.77 ± 0.49

90 1.29 ±0.76 1.45 ±0.02 1.15±0.17 1.20 ±0.85

120 1.83 ±0.88 1.85 ±0.04 1.44 ±0.07 1.48 ±0.85

180 2.30 ±0.98 2.35 ±0.10 1.97 ±0.12 2.09 ± 1.0
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Table 16. Effect o f  NOCC Concentrations on Papp o f FITC Dextran

Ave Papp X 10'* (cm/s) ± SD P-value

Control 8.0 ±3.67 "

0.05% NOCC 6.75 ±0.10 0.573

0.2% NOCC 6.31 ±0.93 0.452

0.5% NOCC 5.98 ±3.0 0.394
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Table 17. Effect o f  Various Excipients and FITC Dextran on TEER

76

% Initial TEER (Avg. n=3) ± SD

Time (min) Control Carbopol 934P Polysorbate 80 EDTA

0 100.00 ±0.00 100.00 ±0.00 100.00 ± 0.00 100.00 ±0.00

15 75.19 ±4.84 81.08 ±0.99 79.08 ± 2.95 74.31 ±3.51

30 74.86 ±5.30 81.03 ± 1.73 80.52 ± 7.26 72.85 ± 2.83

60 74.12 ±8.03 77.65 ± 10.68 75.76 ±7.65 68.12 ±2.57

90 67.85 ± 6.38 75.13 ±8.97 77.32 ± 10.26 78.51 ±3.37

120 71.94 ±5.71 74.93 ± 6.95 73.08 ±7.62 69.59 ±3.44

180 74.02 ± 6.66 76.70 ± 7.46 72.67 ±5.34 71.18 ±3.46
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Table 18. Effect o f  Various Excipients on FITC Dextran Permeation

FITC Dextran Cone. (xlO'^mg/mL) results (Avg. n=3) ± SD

Time (min) Control Carbopol 934? Polysorbate 80 EDTA

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

15 0.12 ±0.32 0.38 ±0.11 0.26 ± 0.02 0.22 ± 0.07

30 0.51 ±0.31 0.91 ± 0042 0.60 ± 0.09 0.42 ±0.14

60 0.88 ± 0.49 1.44 ±0.57 1.11 ±0.12 0.88 ±0.21

90 1.29 ±0.76 1.63 ±0.13 2.13 ±0.69 1.92 ± 1.3

120 1.83 ±0.88 2.50 ±0.77 2.38 ±0.54 2.18± 1.1

180 2.30 ±0.98 3.35 ± 0.96 3.49 ±0.74 3.03 ± 1.1
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Table 19. The Effect o f  Various Excipients on the Papp o f  FITC Dextran

Ave Papp X 10'* (cm/s) ± SD P-value

Control 8.0 ±3.67 —

0.5% Carbopol 934? 11.6±5.56 0.236

ImM Polysorbate 80 12.8 ±3.78 0.063

0.01% Disodium Edetate 11.0 ±7.08 0.305
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Figure 42. Effect of Chitosan and EDTA with FITC Dextran on TEER
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Table 20. The Effect o f  Protasan CL213 and EDTA with FITC Dextran on TEER

% Initial TEER (Avg. n=3) ± SD

Time (min) Control Protasan CL213 EDTA Protasan CL213 
±EDTA

0 100.00 ± 0.00 100.00 ±0.00 100.00 ±0.00 100.00 ±0.00

15 68.22 ± 11.35 48.87 ±9.56 74.20 ± 12.46 45.02 ±6.17

30 71.65 ±4.22 34.01 ± 8.59 72.34 ± 13.10 31.27 ±3.44

60 72.97 ± 0.09 24.15 ±6.75 72.57 ± 12.89 21.97 ± 1.43

90 75.10± 1.78 21.13 ±7.09 72.85 ± 13.01 15.99 ±0.75

120 80.71 ±2.90 20.50 ± 6.45 73.20 ± 11.68 14.98 ± 0.42

180 84.93 ± 7.52 18.07 ±6.07 75.75 ± 14.49 11.75 ± 1.14
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Table 21. The Effect o f  Protasan CL213 and EDTA on FITC Dextran Permeation

FITC Dextran Cone. (xIO'^mg/mL) results (Avg. n=3) ± SD

Time (min) Control Protasan CL213 EDTA

Protasan CL213 

±EDTA

0 0.00 ±0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

15 0.12 ±0.32 0.34 ±0.06 0.38 ±0.08 0.12±0.11

30 0.51 ±0.31 1.15 ±0.39 1.07 ±0.24 0.45 ± 0.07

60 0.88 ± 0.49 3.05 ± 0.88 1.67 ±0.52 l.I3 ± 0 .1 2

90 1.29 ±0.76 6.46 ± 1.27 2.65 ± 0.65 3.07 ± 0.48

120 1.83 ±0.88 12.1 ± 1.90 4.06 ± 0.37 7.03 ± 0.64

180 2.30 ±0.98 23.5 ± 2.90 5.36 ±0.31 17.2 ± 1.63
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Table 22. The Effect o f  Protasan CL213 and EDTA on Papp for FITC Dextran

Ave Papp X 10'* (cm/s) ± SD P-value

Control 8.0 ±3.67 —

0.005% Protasan CL213 76.2 ± 9.30 3.41 xlO''^*, 0.0005**

0.005% EDTA 15.3 ±4.27 0.009

0.005% Protasan CL213 
+ 0.005% EDTA

49.6 ± 4.73 1.03 X 10'*"*, 0.0007**

* Significantly different from control (p«<0.005)

** Significantly different from EDTA (p<0.005)
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Table 23. Effect o f  Additives and Rhodamine 123 on TEER

86

% Initial TEER (Avg. n=3) ± SD

Time (min) Control Verapamil Sodium Azide Protasan CL213

0 100.00 ±0.00 100.00 ±0.00 100.00 ± 0.00 100.00 ±0.00

15 76.19 ±8.50 73.51 ±4.75 77.98 ± 8.03 28.80 ±6.83

30 76.22 ± 7.67 75.28 ±5.86 80.57 ± 9.24 21.55 ±5.43

60 74.17 ±7.96 87.90 ± 19.69 68.73 ± 14.06 18.56 ±5.06

90 75.75 ±8.30 92.90 ± 22.76 68.85 ± 14.58 16.34 ±3.99

120 77.24 ± 7.78 90.46 ± 20.67 68.86 ± 12.76 15.71 ±4.60

180 77.47 ±7.13 91.26 ±21.04 65.75 ± 10.63 14.07 ±3.34
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Table 24. Effect o f  Additives on Rhodamine 123 Permeation

Rhodamine Cone. (pMol) results (Avg. n=3) ± SD

Time (min) Control Verapamil Sodium Azide Protasan CL213

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

15 0.03 ± 0.02 0.05 ± 0.01 0.04 ±0.01 0.07 ± 0.03

30 0.06 ± 0.02 0.10 ±0.02 0.08 ± 0.02 0.24 ±0.10

60 0.12 ±0.04 0.18 ±0.04 0.13 ±0.02 0.72 ± 0.20

90 0.18 ±0.07 0.27 ± 0.06 0.21 ± 0.04 1.26 ±0.29

120 0.24 ±0.08 0.38 ±0.11 0.30 ±0.06 1.85 ±0.28

180 0.34 ±0.10 0.56 ±0.23 0.43 ± 0.07 2.81 ±0.35
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Table 25. Effect o f  Additives on Papp o f Rhodamine 123

89

Ave Papp X 10'  ̂(cm/s) ± SD P-value

Control 1.04 ±0.32 —

100 pM Verapamil 1.65 ±0.61 0.042

100 pM Sodium Azide 1.27 ±0.18 0.282

0.01% Protasan CL213 9.43 ± 1.18 1.39x10'"'*

* Significantly different from control (p<0.005)
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Table 26. Effect o f  Excipients and Rhodamine 123 on TEER

91

% Initial TEER (Avg. n=3) ± SD

Time

(min) Control NOCC Carbopol

Polysorbate

80 EDTA

0 100.0 ±0.00 100.0 ±0.00 100.0 ±0.00 100.0 ±0.00 100.0 ±0.00

15 76.19 ±8.50 90.01 ± 7.54 69.93 ± 4.27 73.95 ±4.30 81.99 ±3.66

30 76.22 ± 7.67 89.30 ±2.36 68.27 ± 2.01 75.36 ±4.85 84.09 ±2.31

60 74.17 ±7.96 93.00 ±6.86 66.38 ± 2.67 74.53 ±4.36 85.23 ± 1.99

90 75.75 ± 8.30 90.15 ±5.13 67.87 ±3.01 70.44 ±3.91 87.18 ±3.44

120 77.24 ± 7.78 90.75 ± 4.55 69.41 ± 2.40 70.90 ± 0.49 88.02 ±3.69

180 77.47 ±7.13 86.08 ± 3.32 70.51 ±4.26 65.76 ± 1.60 87.28 ± 1.54
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Table 27. Effect o f  Excipients on Rhodamine 123 Permeation

Rhodamine Cone. (pMol) results (Avg. n=3) ± SD

Time (min) Control NOCC Carbopol Polysorbate 80 EDTA

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ±0.00 0.00 ± 0.00 0.00 ±0.00

15 0.03 ± 0.02 0.01 ±0.002 0.01 ± 0.000 0.01 ± 0.003 0.02 ± 0.003

30 0.06 ± 0.02 0.04 ±0.003 0.03 ± 0.009 0.07 ±0.018 0.04 ± 0.004

60 0.12 ±0.04 0.13 ±0.07 0.10± 0.019 0.14 ±0.042 0.09 ±0.015

90 0.18 ±0.07 0.14 ±0.014 0.18 ±0.031 0.21 ±0.051 0.13 ±0.025

120 0.24 ± 0.08 0.19 ±0.022 0.22 ± 0.026 0.27 ± 0.064 0.18 ±0.034

180 0.34 ±0.10 0.28 ± 0.035 0.33 ± 0.040 0.39 ±0.081 0.28 ± 0.063
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Table 28. Effect o f  Additives on Papp o f Rhodamine 123

94

Ave Papp X 10'  ̂ (cm/s) ± SD P-value

Control 1.04 ±0.32 —

0.5% NOCC 0.89 ±0.14 0.538

0.5% Carbopol 934P 1.13 ±0.16 0.664

ImM Polysorbate 80 1.09 ±0.56 0.837

0.01% EDTA 0.81 ±0.16 0.250
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Figure 48. Effect of Protasan CL213 and Inhibitors and Rhodamine 123 on TEER
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Table 29. Effect o f  Protasan CL213 and Verapamil with Rhodamine 123 on TEER

% Initial TEER (Avg. n=3) ± SD

Time (min) Control Verapamil Protasan CL 213 Verapamil ± 
Protasan CL213

0 100.0 ±0.00 100.0 ±0.00 100.0 ±0.00 100.0 ± 0.00

15 87.78 ± 0.24 84.64 ± 0.93 57.71 ±3.59 58.01 ±7.51

30 86.42 ±0.16 82.94 ± 2.20 48.44 ± 4.97 48.18 ±6.60

60 83.89 ±0.07 80.45 ± 2.28 40.57 ±7.55 45.30 ±4.46

90 81.81 ±0.08 76.34 ±2.33 43.55 ± 9.32 40.45 ±2.81

120 79.00 ± 1.27 76.92 ±0.55 42.30 ±7.73 40.24 ±3.78
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Table 30. Effect o f  Protasan CL213 and Verapamil on Rhodamine 123 Permeation

Rhodamine 123 Permeation pMol (Avg. n=3) ± SD

Time (min) Control Verapamil Protasan CL 213 Verapamil ± 
Protasan CL213

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ±0.00 0.00 ± 0.00

15 0.04 ± 0.01 0.04 ± 0.00 0.05 ± 0.02 0.05 ± 0.01

30 0.11 ±0.02 0.13 ±0.01 0.19 ±0.08 0.19 ±0.04

60 0.24 ± 0.02 0.29 ± 0.00 0.52 ±0.17 0.52 ± 0.09

90 0.35 ± 0.04 0.42 ± 0.02 0.84 ±0.26 0.87 ±0.17

120 0.47 ± 0.04 0.55 ± 0.04 1.16±0.30 1.17±0.21
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Table 31. Effect o f  Protasan CL and Verapamil on Papp o f Rhodamine 123

Ave Papp X 10’̂  (cm/s) ± SD P-value

Control 1.86 ±0.14 "

Verapamil 2.16 ±0.24 0.960

Protasan CL213 5.36± 1.14 0.00033*,0.0023**

Verapamil + Protasan CL213 5.37 ± 1.02 0.00091*, 0.004**

* Significantly different from control (p<0.005)

** Significantly different from verapamil (p<0.005)
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Table 32. Effect o f  Protasan CL213 and Sodium Azide with Rhodaminel23 on TEER

% Initial TEER (Avg. n=3) ± SD

Time (min) Control Sodium Azide Protasan CL213

Sodium Azide ± 

Protasan CL213

0 100.00 ±0.00 100.00 ±0.00 100.00 ±0.00 100.00 ±0.00

15 85.48 ±2.61 93.81 ± 1.38 63.20 ± 12.76 64.80 ±6.86

30 85.28 ± 4.02 92.60 ± 1.26 55.75 ±4.19 55.02 ±5.67

60 82.50 ±3.87 91.40 ± 1.88 43.80 ±3.98 45.77 ±5.26

90 82.02 ±3.19 91.83 ± 1.82 43.93 ± 1.61 43.45 ± 3.93

120 81.10±3.58 91.96 ± 1.32 44.17 ±4.22 42.96 ± 5.70
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Table 33. Effect o f  Protasan CL213 and Sodium Azide on Rhodamine 123 Permeation

Rhodamine 123 Concentration, irMol (Avg. n=3) ± SD

Time (min) Control Sodium Azide Protasan CL 213 Sodium Azide + 
Protasan CL213

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

15 0.04 ± 0.01 0.05 ± 0.01 0.05 ± 0.02 0.05 ±0.01

30 0.11 ±0.02 0.14 ±0.01 0.19 ±0.08 0.19 ±0.04

60 0.24 ± 0.02 0.32 ±0.02 0.52 ±0.17 0.57 ± 0.09

90 0.35 ± 0.04 0.46 ± 0.01 0.84 ± 0.26 0.92 ±0.19

120 0.47 ± 0.04 0.64 ± 0.02 1.16 ±0.30 1.35 ±0.29
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Table 34. Effect o f  Protasan CL213 and Sodium Azide on Papp o f Rhodamine 123

Ave Papp X 10'  ̂(cm/s) ± SD P-value

Control 1.86 ±0.14 —

Sodium Azide 2.59 ±0.01* 0.0003*

Protasan CL213 5.36± 1.14* 0.0003*, 0.004**

Sodium Azide + Protasan 6.56 ± 1.69* 0.0023*, 0.004**

* Significantly different from control (p<0.005)

** Significantly different from Sodium Azide (p<0.005)
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FITC Oligonucleotide Effect on TEER
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Figure 52. Effect of Protasan CL213 and FITC Oligonucleotide on TEER
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Table 35. Effect o f  Protasan CL213 and FITC Oligonucleotide on TEER

% Initial TEER (Avg. n=3) ± SD

Time (min) Control Protasan CL213

0 100.00 ±0.00 100.00 ±0.00

15 64.26 ± 8.9 72.86 ±3.59

30 78.08 ± 10.72 87.58 ±5.88

60 85.90 ±4.42 101.36 ±7.28

90 93.21 ± 0.86 111.66 ±5.20

120 92.82 ± 4.50 116.80 ±4.45

180 104.49 ± 18.78 112.94 ±6.02
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FITC Oligonucleotide Permeation
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Figure 53. FITC Oligonucleotide Permeation with Protasan CL213
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Table 36. FITC Oligonucleotide Permeation with Protasan CL213

FITC Oligonucleotide Concentration, xlO'^ gg/mL (Avg. n=3) ± SD

Time (min) Control Protasan CL 213

0 0.00 ± 0.00 0.00 ± 0.00

15 5.57 ±4.84 7.47 ± 0.76

30 14.8 ±8.16 21.1 ± 1.16

60 27.3 ± 9.67 32.5 ± 3.08

90 36.1 ± 10.3 40.7 ±3.53

120 45.4 ± 10.7 49.0 ± 4.43

180 55.1 ±10.4 56.1 ±5.72
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Table 37. Effect o f  Protasan CL213 on Papp ofFTIC Oligonucleotide

Ave Papp X 10’̂  (cm/s) ± SD P-value

Control 2.50 ±0.27 —

Protasan CL213 2.26 ± 0.23 0.305
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CHAPTER 6

DISCUSSION

The objective for these experiments was to evaluate the permeation of ketotifen, 

FITC-Dextran, Rhodamine 123 and FITC Oligonucleotide through a Caco-2, human 

intestinal cell model. Each model drug compound’s permeation (except for FITC 

Oligonucleotide) was evaluated in conjunction with a range of excipients such as 

chitosan, N,0-carboxymethyl chitosan (NOCC), Carbopol 937P, Polysorbate 80 and 

disodium edetate. FITC Oligonucleotide was evaluated with chitosan only. The results 

have shown that each drug model behaves slightly differently and certain excipients affect 

the drug permeation more than others. Although some of these differences were very 

subtle and may have been limited by the experimental design, other results were 

significantly different. The results of these experiments show that these techniques can 

be useful for screening formulations for development.

Growth and maintenance of cells

The generally accepted incubation period for Caco-2 cells to ensure the 

development of the tight junctions and protein transporters is at least 21 days. This is 

well documented (Bailey, et.al. 1996, Karlson, et.al. 1999, Yamashita, et.al. 2000) with 

known consistency. However, the long growth period is an obvious disadvantage. Some
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labs have investigated other techniques to decrease this culture time (Lu, et.al. 2000).

Still other entrepreneurs have developed artificial membranes said to correlate to Caco-2 

cells for passive transcellular permeation predictions (Sugano, et.al. 2003). Although 

these are promising options for the future, the 21 day Caco-2 cell incubation is still 

considered the “gold” standard for evaluation drug permeation.

Caco-2 cells are derived from human colon adenocarcinoma cells and this 

cancerous origin has been shown to contain some variation from healthy cells. These 

differences can be reflected in the tight junctions and the p-glycoprotein transporters. 

While Caco-2 cells have been shown to develop transepithelial resistance as high as 1000 

ohms-cm^, in-vivo normal cells are thought to have considerably lower tight junction 

resistance (Ward, et.al. 2000). Some references have used cells with TEER values as low 

as 100 ohms cm^ (Yamashita, et.al., 2000, Troutman and Thakker, 2003). Cells with 

TEER values of at least 300 ohms-cm^ were used in these studies.

Although transepithelial electrical resistance (TEER) provides very useful 

information, it was noted that measurements with the electrodes can be variable, by up to 

50 ohms-cm^, depending on temperature, media and even slight changes in the electrode 

position. It is recommended that conditions during experiment be held as uniformly as 

possible, with the same individual measuring TEER throughout the entire duration of the 

experiment.

Ketotifen permeation

Ketotifen permeates readily through Caco-2 cells with an Papp (apparent 

permeation coefficient) of 1.06 x 10'  ̂cm/s. Because of this, the effects of the excipients
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were not as apparent and differences from control and between the excipients were not as 

significant.

It should be noted that ketotifen has a reported pKa of 8.43 (Nakamura, et.al., 

1996). The formulations were prepared at pH 6.3 and the solution on the basolateral side 

was approximately 7.4 (physiological pH). It should also be noted that at pH 7.4, 

ketotifen is known to be less stable than at acidic pH ranges. Therefore, all of the 

samples were collected in amber vials, assayed as soon as possible, or refrigerated until 

time of assay.

From Figure 30 and Table 2, these results clearly show that Protasan CL213 or 

chitosan chloride decreases the tight junction resistance in the Caco-2 cells. This effect 

is concentration dependent, where at 0.005% and 0.01% Protasan CL213 the decrease in 

TEER is very dramatic dropping to 20% of initial TEER value. 0.001% Protasan CL213 

did not have as significant an effect, although there was still some decrease as compared 

to the control values.

Despite the dramatic decrease in TEER value, there is only a slight increase in 

ketotifen permeation in the presence of Protasan CL213 at any concentration, as seen in 

Figure 31 and Table 3. Although there was a slight increase in Papp when using Protasan 

CL213, the result was not significantly different from control and there was not any 

significant differences between the different concentrations of Protasan CL213 (Table 4). 

This would suggest that ketotifen does not predominately permeate through the 

paracellular pathway.

From Figure 32 and Table 5, the results clearly show that NOCC, at the 

concentrations tested did not affect the tight junction resistance in the Caco-2 cells as
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compared to the control samples. The results from figure 33 and table 6 show that 

without decreasing TEER values, there is a slight increase in ketotifen permeation in the 

presence of NOCC at all concentrations tested. There was a slight increase in Papp in the 

presence of NOCC at all concentrations (Table 7). At 0.2% and 0.5% NOCC, the results 

were significantly different from control.

The results from Figure 34 and Table 8 indicate that 0.5% Carbopol 934P, ImM 

Polysorbate 80 and 0.01% EDTA do not affect the tight junction resistance in the Caco-2 

cells as compared to the control samples. In Figure 35 and Table 9, the data show that 

without decreasing TEER values, there is a slight increase in ketotifen permeation in the 

presence of polysorbate80 and EDTA. Carbopol 937P does not improve permeation as 

compared to the eontrol. There was a slight increase in Papp in the presence of all 

excipients (Table 10). In presence of Polysorbate 80 and EDTA, the results were 

significantly different from eontrol.

The presence of all excipients, except Carbopol 934P, appeared to increase 

Papp slightly, though not all significantly. This is because chitosan, NOCC, Polysorbate 

80, and EDTA all either improve residence time and/or alter the phospholipid membrane 

to improve transcellular permeation (Junginer and Coos Verhoef, 1998). Carbopol 934P 

was probably less effective beeause of the use of Hank’s Balanced Salt Solution. 

Carbomers are known to “salt” out in the presence of ions and thus lose viscosity (Kibbe, 

2000). Additionally, the anionic carbomer may also be interacting with the cationic 

ketotifen. All concentration of NOCC evaluated actually resulted in increases ketotifen 

Papp, but only 0.2% and 0.5% were significant. This may indicate a dose dependent 

effect. Polysorbate 80 and EDTA dramatically increased ketotifen permeation initially 

compared to control but then leveled off. Still, they significantly improved ketotifen Papp.
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However, there was no significant difference between the excipients. Ultimately, it 

seems apparent that ketotifen was readily permeable through Caco-2 cells, and therefore 

the effects of all the excipients were not remarkable and probably not needed.

FITC Dextran Permeation

FITC Dextran is a known hydrophilic paracellular marker which has a limited 

permeation on its own (Papp = 8.0 x 10’* cm/s). The low permeability required the 

fluorescence assay to be especially sensitive for the lower concentrations and may have 

contributed to some of the larger than expected variation in some of the results. 

However, there is a direct correlation of FITC dextran permeation with the TEER value 

of the cells. This is seen in figure 54. In this graph, the concentration of FITC dextran 

was determined after 60 minutes of incubation on the Caco-2 cells.
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Figure 54. Correlation of TEER Value with FITC-Dextran Permeation
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The results from Figure 36 and Table 11 elearly show that Protasan CL213 or 

chitosan chloride decreases the tight junction resistance in the Caco-2 cells. This effect 

is concentration dependent, where at 0.005% and 0.01% Protasan CL213 the decrease in 

TEER is very dramatic dropping to 20% of initial TEER value. Protasan CL213 at 

0.001% did not have as significant an effect, although there was still some decrease as 

compared to the control values. The results from Figure 37 and Table 12 indicate that 

Protasan CL213 at the higher concentrations greatly improves the permeation of FITC 

Dextran compared to control. However, at 0.001% Protasan CL213, there was no 

increase in FITC Dextran permeation. In presence of 0.005% and 0.01% Protasan 

CL213, the Papp results were significantly different from control (Table 13). At 0.001% 

Protasan CL213, there was no significant difference from eontrol.

The results from Figure 38 and Table 14 elearly show that NOCC, at the 

concentrations tested, did not affect the tight junction resistance in the Caco-2 cells as 

compared to the eontrol samples. From Figure 39 and Table 15, the results show that 

NOCC did not significantly affect the permeation of FITC Dextran. In the presence all 

concentrations of NOCC, no significant difference in Papp values from control were noted 

(Table 16).

The results from Figure 40 and Table 17 clearly show that 0.5% Carbopol 934P, 

ImM Polysorbate 80 and 0.01% EDTA did not affect the tight junction resistance in the 

Caco-2 cells as compared to the control samples. From Figure 41 and Table 18, the 

results indicate that the various excipients did not significantly affect the permeation of
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FITC Dextran as compared to the control. In the presence of the various excipients, there 

was no significant difference in Papp values from control (Table 19).

The results from Figure 42 and Table 20 clearly show that the samples with 

Protasan CL213 decreased the tight junction resistance in the Caco-2 cells as compared to 

the control and EDTA samples. From Figure 43 and Table 21, the results show that the 

samples with Protasan CL213 increased the permeation of FITC Dextran as compared to 

the control and EDTA alone. In the presence of Protasan CL213, a significant difference 

from control and EDTA was noted in the Papp value and there was no added effect seen 

with Protasan CL213 and EDTA in combination (Table 22).

This effect corresponds with the effect of Protasan CL213 where as the TEER 

value decreased, FITC dextran permeation increased. While the increase was significant, 

the improvement has a slow onset, which may infer that the FITC Dextran at 40,000 MW 

may be gathering in the tight junction before complete passage through the cell 

membrane.

It is also interesting to note that in all of the test groups, there was an initial 

observed 20% drop in TEER value after the addition of FITC Dextran, which then 

stabilized. FITC Dextran may be slightly irritating to the cells. However, this did not 

translate into any significant effect on the permeation, as it continued to be low. Protasan 

CL213 was only the excipient that exerted a significant effect. There appeared to he a 

threshold dose effect with Protasan CL213, where at 0.001%, there no significant effect 

on TEER, but at 0.005% and 0.01%, Protasan CL213 significantly decreased the TEER 

with just a slight faster rate of onset with the higher concentration. The tight junction
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reduction was noted in the TEER results with Protasan CL 213 and this correlated with 

the 6 fold permeation improvement at 0.01%.

NOCC, Carbopol, Polysorbate 80 and EDTA did not impart any effect on the 

tight junction resistance as compared to control. Thus there was no significant difference 

in FITC Dextran permeation between these excipients and control. Protasan CL213 at 

0.005% and 0.01% were significantly different from the other excipients.

Table 3 8 .  Comparison of FITC Dextran P a p p  with different excipients

Ave Papp X 10'* (cm/s) ± SD P-value

0.005% Protasan CL213 40.7 ±2.9 "

0.001% Protasan CL213 7.16 ±2.74 0.0001*

0.5% NOCC 5.98 ±3.0 3.5 X 10'^*

Carbopol 934P 11.6±5.56 0.004*

Polysorbate 80 12.8 ±3.78 0.0005*

Disodium Edetate 11.0 ±7.08 0.0025*

Control 8.0 ±3.67 9.8 X 10'*"*

* significantly different from 0.005% Protasan CL213 based on ANOVA analysis

It is interesting to note the different effects of Protasan CL213 and NOCC, since 

both are still considered chitosans. This would imply that the structural change to NOCC 

has “inactivated” the permeation enhancing property that is a characteristic of chitosan. 

Specifically, it has been speculated that the free amino groups on the C-2 position in
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chitosans are required to decrease the TEER in cells, and that chitosans indirectly act on 

cytoskeletal F-actin to increase paracellular permeability. Additionally, the involvements 

of two tight junctional proteins (ZOl and Occludin) were observed, though specific 

mechanisms have not been defined. Some of the free amino groups are modified with 

carhoxymethyl groups in NOCC, which may explain the different effects.

Although EDTA has been purported to improve paracellular permeation, our 

data did not show any effect on TEER. FITC Dextran permeation results were variable, 

with no significant difference from control or at different concentrations. Perhaps the 

concentrations used were not sufficient since we used HBSS, which contained Ca^  ̂and 

Mg^^. As previously mentioned, EDTA’s proposed effect was the result of 

complexations with endogenous Ca^  ̂ions which then triggers the cells to release Ca^  ̂

ions to compensate, which then indirectly relaxes the tight junction and improves 

permeation pathway. Therefore, any noticeable effect is dependent upon both Ca^  ̂ion 

and EDTA concentration. Not surprisingly, there was no added effect when used in 

combination with Protasan CL213.

Table 39. Effect of EDTA concentration on FITC Dextran P.app

Ave Papp X 10'  ̂(cm/s) ± SD P-value

Control 8.0 ±3.67 "

0.005% EDTA 15.3 ±4.27 0.009

0.01% EDTA 11.0 ±7.08 0.305
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Rhodamine 123 permeation

Rhodamine 123 is a known hydrophilic p-glycoprotein substrate which had a 

Papp = 1-04 xlO'^ cm/s. It also has a documented pKa of 6.12.

The results from Figure 44 and Table 23 clearly show that the samples with 

Protasan CL213 decrease the tight junction resistance in the Caco-2 cells as compared to 

the control, 100 pM Verapamil and 100 pM Sodium Azide. From Figure 45 and Table 

24, the results indicate that the samples with Protasan CL213 dramatically increased the 

permeation of Rhodamine 123 as compared to the control and the other inhibitors. In the 

presence of Protasan CL213, a significant difference from control and the other inhibitors 

was noted in the Papp value (Table 25).

The results from Figure 46 and Table 26 show that the samples with 0.5% 

NOCC, 0.5% Carbopol 934P, ImM Polysorbate 80 and 0.01% EDTA did not affect the 

tight junction resistance in the Caco-2 cells as compared to the control. From Figure 47 

and Table 27, the results indicate the tested excipients did not significantly increase 

Rhodomine 123 permeation as compared to control results. The results show that the 

samples with various excipients did not significantly change the Papp value of Rhodamine 

123 as compared to the control (Table 28).

The results from Figure 48 and Table 29 show that the samples with Protasan 

CL213 decreased the tight jimction resistance in the Caco-2 cells as compared to the 

control and verapamil alone. From Figure 49 and Table 30, the results show that the 

samples with Protasan CL213 significantly increased the permeation of Rhodamine 123 

as compared to the control and Verapamil alone. In the presence of Protasan CL213, a 

significant difference was observed in Papp value from control and Verapamil (Table 31).
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Samples with Protasan CL213 and Verapamil with Protasan CL213 also had significantly 

different Papp value from Verapamil alone.

The results from Figure 50 and Table 32 show that the samples with Protasan 

CL213 decreased the tight jimction resistance in the Caco-2 cells as compared to the 

control and Sodium Azide. From Figure 51 and Table 33, the results show the samples 

with Protasan CL213 significantly increased the permeation of Rhodamine 123 as 

compared to the control and Sodium Azide alone. As seen in Table 34., in presence of 

Protasan CL213 and Sodium Azide, a significant difference from control was noted in the 

Papp value. Samples with Protasan CL213 and Sodium Azide with Protasan also had 

significantly different Papp value from Sodium Azide alone.

It is interesting to note that like FITC Dextran, there was an initial observed 

drop in TEER after the addition of Rhodamine 123, which then stabilized. This did not 

appear to impart any significant effect on permeation, even with the known p- 

glycoprotein inhibitors. Although there were slight improvements in the permeability 

coefficients, both verapamil and sodium azide did not improve Rhodamine 123 

permeability as much as Protasan CL213. Protasan CL213 significantly decreased the 

TEER, which correlated with an almost 5-fold increase in Rhodamine 123 Papp value.

This result would indicate that Rhodamine 123 primarily transports via the paracellular 

pathway, and that even if the p-glycoprotein transporter was inhibited, Rhodamine 123 

permeation was still limited by the tight junctions of the cell membranes.

There is a direct correlation between Rhodamine 123 permeation and the TEER 

value of the Caco-2 cells. This is seen in figure 55. In this graph, the concentration of 

Rhodamine 123 was determined after 60 minutes of incubation.
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Figure 55. Correlation of TEER value with Rhodamine 123 Permeation

The same effect was noted when 0.01% Protasan CL213 was used and as the 

TEER value decreased, Rhodamine 123 permeation increased. The steady increase in 

permeation is consistent and significantly different from all of the other excipients.

When using Caco-2 cells with lower initial TEER values (-134 ohms-cm^), the 

Rhodamine 123 control permeation improved. The effect of Protasan CL213 was still 

observed, although the percent decrease of the TEER values were not as high, since it 

started from a lower initial TEER value. The appearance of Rhodamine 123 through the 

Caco-2 cells continued to correlate with decreasing tight junction resistance.
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Table 40. Effect o f  TEER on Papp for Rhodaminel23

Ave. Papp X 10'  ̂(cm/s) ± SD

Ave. Initial TEER= 
488 ohms-cm^

Ave. Initial TEER= 
134 ohms-cm^

Control 1.04 ±0.32 1.86 ±0.14

Verapamil 1.65 ±0.61 2.16 ±0.24

Sodium Azide 1.27 ±0.18 2.59 ±0.01

When verapamil and sodium azide were applied with Protasan CL213, there 

was no significant difference in Rhodamine 123 permeation as with samples using 

Protasan CL213 alone. This infers that there was not a combined or inhibitory effect with 

either system.

These results lead to questions as to the use of Rhodamine 123 as a marker for 

the p-glyeoprotein activity. Although, it is a well-known substrate, the p-glycoprotein 

transport system does not appear to be the rate-limiting factor for Rhodamine 123 

permeation. Given that Rhodamine 123 is a small, hydrophilic compound with a tertiary 

amine group, the preference of the paracellular pathway is not necessarily a surprise. In 

addition, this experimental model, only investigates the permeation of compounds 

through the cells. There may be Rhodamine 123 uptake within the cells that could not be 

monitored with this experimental design.
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FITC Oligonucleotide permeation

FITC Oligonucleotide is a fluorescence labeled oligonucleotide (short pieces of 

synthetic, chemically modified DNA). Oligonucleotides are anionic hydrophilic 

antisense compounds which has a limited Caco-2 cell permeation on its own (Papp = 2.5 x 

10’̂ ). The low permeability required the fluorescence assay to be especially sensitive to 

detect the lower concentrations and this may have contributed to some of the larger than 

expected variation in some of the results.

Traditional studies have concentrated on the oligonucleotide incorporation into 

cells to interact with specific mRNA sequences and inhibit the targeted gene expression. 

Cellular uptake of oligonucleotides is limited by the hydrophilic, anionic nature of these 

compounds. While receptor-mediated endocytosis have been reported in various cell 

types, anion channels have also been proposed (Miller and Das, 1998). The use of 

cationic lipids and liposomes has been shown to improve uptake. The charge-neutralized 

complexes bind to and penetrate the cellular membranes and the oligonucleotides are then 

released into the cytoplasm.

The results from Figure 52 and Table 35 show that the samples with Protasan 

CL213 with FITC Oligonucleotides had no effect on the tight junction resistance in the 

Caco-2 cells as compared to the control. From Figure 53 and Table 36, the results show 

the samples with Protasan CL213 did not change the permeation of FITC Oligonucleotide 

as compared to the control. As seen in Table 37, in presence of Protasan CL213, there 

was no significant difference in Papp value from control.

Protasan CL213 did not improve the permeation of the FITC oligonucleotides 

through Caco-2 cells. More interestingly, there was also no decrease of TEER value as
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seen with all previous work with Protasan CL213 samples. There was likely an ionic 

interaction between the negatively charged oligonucleotide and the cationic chitosan 

polymer. Specifically, the ionic complexations may be occurring with the free amino 

groups on the C-2 position of chitosan, which was needed for chitosan’s effect on TEER 

in cells. This result may indicate some potential limitations or opportunities for other 

applications with anionic compound and chitosans.

Using drug permeation on cell models to predict drug absorption has become 

accepted practice. Although the absolute Papp value from Caco-2 cell models rarely 

match in-vivo data, the correlations are true enough that the Papp value for any compound 

is important for pharmaceutical development. Additionally, the permeation pathway, 

which the model drug moves across the Caco-2 membrane, would be very useful 

information, as various strategies can be applied as needed. Ideally, it would be best to 

know the permeation pathway of a compound before developing a formulation, and 

screening the different excipients, additives and inhibitors can therefore be useful to help 

evaluate this.

Ultimately, this work has shown that different excipients for different drug 

models produce different effects. The use of cell culture permeation studies will help in 

developing formulations by providing a more controlled model to evaluate formulations 

for drug delivery and potentially reducing the number of animal studies required.
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CHAPTER 7 

SUMMARY and CONCLUSION

Ketotifen, FITC-labeled dextran and Rhodamine 123 permeation was evaluated 

across Caco-2 cells. These model drugs were chosen because they represented the three 

major permeation transport pathway; passive transcellular (Ketotifen), passive 

paracellular (FITC dextran) and active transport (Rhodamine 123). The model 

compounds were evaluated in the presence of various excipients such as chitosan, N, O- 

carboxymethyl chitosan (NOCC), Carbopol 934P, Polysorbate 80 and disodium edetate.

Samples with chitosan resulted in a concentration dependent decrease in 

transepithelial electrical resistance (TEER), which was not seen with the other excipients. 

The decrease in TEER corresponded with significant improvement of paracellular 

permeation of FITC-dextran and Rhodamine 123 compared to the control (p<0.005) 

where ketotifen permeation with chitosan did not show statistically significant 

improvement as compared to the control. Although Rhodamine 123 is a known p- 

glycoprotein substrate, this data would indicate that the p-glycoprotein transport system 

was not the rate-limiting factor in Rhodamine 123 permeation. Ketotifen permeation was 

improved slightly when in the presence of NOCC, polysorbate 80 and edetate disodium. 

These excipients had been associated with improved transcellular permeation. Carbopol 

934P did not improve any of the drug models’ permeation.
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An exception to the chitosan observation on TEER was noted with negatively 

charged FITC-oligonucleotide, where an apparent ionic interaction with the positively 

charged chitosan nullified the TEER reduction effect. Chitosan did not significantly 

effect on FITC-oligonucleotide permeation across the Caco-2 cells as compared to control 

samples.

Therefore, depending on the drug model, different excipients may improve 

different drug permeation. These results successfully show the effectiveness of using 

Caco-2 cells to help screen formulations for development.
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APPENDIX

Hank’s Balanced Salt Solution 

Different formulations are available. This formula was used in these experiments.

Hanks' Balanced Salt Solution (HBSS) Liquid

Component mg/L

KCl 400.00

KH2PO4 60.00

NaCl 8,000.00

CaCl2 140.00

MgS04 98.00

NaHCOa 350.00

Na2HP04 .7 H2O 90.00

Glucose 1,000.00

Storage Temperature 1 5 - 3 0 ° C
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