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ABSTRACT 

Cooley's anemia or P-thaiassemia major affects over 100 000 newborns yearly. 

Treatrnent involves blood transfusions every 2 4  weeks for the rest of the& life. This 

therapy leads to extrerne iron overload resulting in severe life threatening complications. 

Current therapy for iron overload requires S.C. or i.v. infusions of an iron chelator for 8- 

12 h per day up to six times a week, causing many patients to be noncompiiant. A novel 

orally active iron chelator 1.2-Dimethyl-3-Hydroxtpyrid-4-one (DMHP has been 

developed. but the short half life rneans dosing sevrral tirnes pet day. Encapsulation of 

this novel orally active iron chelator utilizing calcium alginate beads ro facilitate a 

prolonged release was investigated. Beads were produced by dripping a sodium alginate 

solution containhg 15 mg/mL DMHP into a curing solution of 4% CaCI:. and allowed to 

cure for 15, 30, 45, and 60 min. Beads were then tra' dried at 40 and 60'C for 23 h. 

Dissolution tests were done using the basket method over 6 h. in pH=2.0 HCl-KCI b a e r  

and pH=7.4 phosphate buffer. Beads tested in pH=2.0 buffer did not swell or rehydrate. 

Complete release of DMHP was obtained within 45-60 min facilitated by difision of 

DMHP through the pores and cracks of the bead structure. Release in pH=7.1 media was 

prolonged due to swelling and slow erosion of the beads. An immediare release phase 

was evident within the first 15 min. followed by a sigmodial shaped phase. Additives 

such as HPMC, propylene glycol, and pectin were included to control the rapid release in 

pH=2.0 medium, but none delayed the release rate. In pH 7.4 bdTer, calcium alginate- 

pectin beads conformed to the zero order release mode1 ('R2 = 0.9788 - 0.9945). 

Therefore the beads would have to be enteric coated to prevent quick release in the acidic 

environment of the stomach and to aliow a prolonged release in the intestine. 



ACKNOWLEDGMENTS 

First and forernost 1 would like to express my deepest love and thanks to rny wife 

Bobbi-lynn and rny daughter Hdie for their extrerne patience. 1 know thisrtook---a long 

tinie. but your sacrifice and understanding has allowed me to persevere. If  it wasn't for 

o u .  Bobbi, 1 feel that this would never have been finished. As for rny beautiful 

daughter, Halie, watching you grow and leam so quickly for the last year and a half has 

inspired me to continue the stmggle and fmally finish! 

1 would also like to thank Dr. Keith Simons for his guidance and valuable 

somments on this manuscript. Your cornmitment towards my completion of this project 

wiI1 not be forgotten. 

To al1 the oriier students in the lab and the staff at the Faculty of Pharmacy who 

ha\.e encouraged and contributed towards my education, I thank you. Furthemore, I 

wouid like to thank the reviewers for taking the time to evaluate this work. 

Finally I want to thank Merck Frosst and the Manitoba Heaith Research Council 

for their financial support. Without them none of this could have been possible. 



TABLE OF CONTENTS 

r 

C W T E R  I . INTRODUCTION ........................................................... i 

1 . 1  THALASSEMM ...................................................................... 1 

1.2. TREATMENT OF IRON OVERLOAD .......................................... 3 

. 1.2.1 The Hydroxypyridinones ................................................. 5 

. . ............................ 1 2 . 1  1 1,2~DirnethyI~3~Hydroxypyrid~ 4.one 6 

1.2.1.1.1. Physiocochemical Properties ......................... 7 

9 1.2.1.1.2. Pharmacokinetic Properties ......................... / 

1.3. MODE IED RELEASE DOSAGE FORMS ........................ ,., ............... 9 

1.3.1. Objectives o f  Modified Release Dosage Foms ............................... I I 

1.3.2. Advantages and Disadvantages ....................................................... 1 2  

1.3.3. Limitations of Drug Selection ................. .. ............................ 13 

1.3 .4 . £3 iological Considerations ...................... ,... ........................................ 11 

1 .3.5. Types of Modified Release Dosage Forms ...................................... 18 

1 -3 .5 . 1 . Dissolution Control ............................................ 19 

1.3.5.2. D i h i o n  Control .............................................. 27 

1.3.5.2.1. Reservoir Devices .................................. 27 

1.3 S.2.2. Matrix Devices ...................................... 30 

1 .3.5.3. Dissolution and Difïusion Control ........................... 33 

. 1.3 S.4 Ion Exchange Resins .......................................... 35 

. ............................. 1.3 S.5 Osmotically Controiled Devices 36 

1.4. MICROENCAPSULATION ....................................................... 3 8 



.................................................................... . 1 . 4 1  The Core 38 

1.3.2 . The Coat .................................................................... 40 

........ 1 4 . 3 .  Soivent. ......................................................... I.. 40 

1 -4 .4 . Additives ................................................................... 44 

1 .5 . MICROENCAPSULATION TECHNIQUES .................................... 45 

1.5.1. CoacervationPhase Separation .......................................... 45 

1 -5 .7 . Interfacial Pol ymerization ............................................... 47 

................................... 1 -5 .3 . Solvent Emulsitication/Evaporation 48 

........................... 1.5.4. Hydrophilic and Hydrophobie Congealing 19 

1 .6 . HY POTHES IS ........................................................................ 55 

. CHAPTER II EXPERIMENTAL ........................................................................ 56 

................................... ........................ 2.1. MATERLALS AND EQUIPMENT ... 56 

. . ......................................................................................... 2 . f 1 Materials 56 

1.1 .2 . Equipment ................................................................................... 57 

2 .2 . METHODOLOGY .................................................................. 58 

.................... 2 2.1. S ynthesis of 1,2-dimethyl-3-hydroxypyrid-+one 58 

....................................... 2.2.2. Preparation of Dissolution Media 59 

..................... 2.2.2.1. Phosphate Buffer Solution (pH = 7.4). 59 

....................... 2.2.2.2. KCI-HCl B e e r  Solution (pH = 2.0). 59 

................................ 2.2.3. Spectrophotometric analysis of DMHP 60 

................................ 2.2.4. Preparation of Calcium Alginate Beads 60 

2.2.5. Production Yield .......................................................... 65 

2.2.6. Weight Fraction after Curing ............................................ 65 



2.2.7. Percent Weight Loss on Drying ........................................ 66 

2.2.8. Residual Water Content .................................................. 66 

2.2.9. Encapsulation Efficiency ..................................... i ...... - ... 66 

2.2.10. Dissoiution Studies ...................................................... 67 

................................................. . CHAPTER III RESULTS AND DISCUSSION 68 

......................................... 3.1. Quality Control and Synthesis of DMHP 68 

...................................................... 3.2. Calibration Cumes for DMHP 68 

3.3. Formation of  Calcium Alginate Beads ............................................ 71 

3 .l . Y ield and Encapsulation Eficienc y ................................................ 72 

................................................. 3.5. Size Distribution and Morphology 73 

....................................................... 3.6. Weight Fraction after Curing 79 

............................ 3.7. Percent Weight Loss on Drying and Residual Water 79 

3.8. In Vitro Dissolution Testing of Alginate Beads .................................. 84 

........................................... 3.9. Dissolution after Addition of Additives 99 

3.10. Data Analysis ...................................................................... 107 

CHAPTER IV . CONCLUSION .......................................................... i i i 

APPENDIX 

Appendix 1 ............................................................................... 121 

Appendix 2 ................................................................................ 122 



. Appendix 4 ................................................................................ 124 
r 

. Appendix 5 ..................................................................... .......... 125 

Appendix 6 ................................................................................ 126 

Appendix 7 ................................................................................ 127 



vii 

LIST OF FIGURES 

.............................................................................. Figure 1. Structure of desferrioxamkie 4 

.............. Figure 2. Structure of 1,2-dimethy1-3-hydroxypyrid4one .......................... 6 
. . 

........... Figure 3. Structures of DMHP, DMHP-glucuronide, and DMHP-iron cornplex. 8 

Figure 4. Cornparison of the dmg-plasma concentration vs. time curve of a conventional 
tablet a sustained/prolonged release system, and a controlled release 

......................................... dosage forrn.. 10 

Figure 5. Hypothetical blood h g  concentrations resdting fiom (A) conventional tab lets 
..................................................................... and (B) controlled release tablets 1 1 

..................................... Figure 6 .  Schematic representation of the gastrointesthal tract 16 

................................................................ Figure 7. Diffision layer model.. 19 

Figure 8. Schematic representation of dissolution controlled dmg release a) encapsulated 
................................................................................ b) matnx.. 26 

Figure 9. (A) Schematic representation of an encapsulated d i f i i on  control device. 
(B) Concentration of dmg on the inside of the membrane and adjacent 

................................................................................... regions. 2 8 

Figure 10. A matrix diffusional control delivery system, before release (time = 0) and 
........................................................ after partial release (tirne = t). 32 

Figure 1 1. Schematic representation of diffusion and dissolution control of drug 
................................................................................ release. 34 

Figure 12. (A) Flexible bag osmotic pump. (B) Osmotic core containing dmg (C) 
............................................. Osmotic pump containhg no orifice.. 37 

........................................ Figure 13. Some typical structures of microcapsules.. 39 

Figure 14. Typical steps in a coacervation method of microencapsulation. (A) Core 
particles dispersed in solution of polyrner by agitation. (B) Coacervation 
visible as droplets of coiloid-rich phase induced by one or more agents. (C) 
Deposition of coacervate droplets on surface of core particles. @) Mergence of 
coacervate droplets to form the coating. (E) Shrinkage and crosslinking of the 

................................................. coating to rigidize it as necessary.. .46 

Figure 15. Schematic formula of alginate. (A) polymannuronate (B) polyguluronate (C) 
......................................... po ly(mannuronosy1gUiuronate) sequences. 5 2 



Figure 16. Schematic representation of "egg box" co-operative binding.. ................. 52 

Figure 17. Schematic representation of the apparatus used to prepare calcium alginate 
................................................................................... beads.. 54 

I 

................................... Figure 18. Schematic representation of DMHP synthesis.. 58 

...................................................................... Figure 19. NMR of D m . .  69 

Figure 20. Beers plot of DMHP in A )  phosphate pH=7.4 and B)  KCL-HCL pH=I.O 
................................................................................. buffer.. 70 

Figure 7 1 : Size distribution of formuiation 1-3. A11 prepared with 1%, 2% or 
2.5% medium viscosity sodium alginate respectively. Curing tirne was 
15, 30, or 45 min. (a, b, or c respectively). Drying temperature was 

O O either 40 C or 60 C (4 or 6) ......................................................... 76 

Figure 22. Size distribution of formulation 4 and 5. Al1 prepared with 3% and 3. i o a  

low viscosity sodium alginate respectively. Curine time was 15, 30. 
or 45 min. (a, b, or c respectively). Drying temperature was either 

................................................................ 4 0 ' ~  or 6 0 ' ~  (4 or 6) . .  77 

Figure 23. Size distribution of formulations 6-1 1. Formulations represent the 
addition of additives. See Table VI page 61 for lcgend on the 

................................................................ various formulations.. 78 

Figure 24. Weight fiaction of beads afier curing.. ............................................. 80 

Figure 25. Water content of alginate beads.. ................................................... 8 1 

Figure 26. Percent release of DMHP in HCL-KCl pH = 2.0 medium for formulations 
1-5. Beads were cured for 15 min. and dried at 4 0 ' ~  ............................. 87 

Figure 27. Percent release of DMHP in HCL-KCl pH = 2.0 medium for formulations 
............................ 1-5. ~ e a d s  werecured for 30 min. and dned at 4 0 ' ~  88 

Figure 28. Percent release of DMHP in HCL-KCI pH = 2.0 medium for formulations 
.......................... 1-5. Beads were cured for 45 min. and dried at 40°c.. 89 

Figure 29. Percent release of DMHP in HCL-KCl pH = 2.0 medium for formulations 
.......................... 1-5. Beads were cured for 15 min. and dried at 6 0 ' ~ ~ .  90 

Figure 30. Percent release of DMHP in HCL-KCl pH = 2.0 medium for formulations 
1 -5. ~ e a d s  were cured for 3 0 min. and dried at 6 0 ' ~ .  ........................... 9 1 

Figure 3 1. Percent release of DMHP in HCLKCl pH = 2.0 medium for formulations 
1-5. ~eads werecured for 45 min. and dried at 6 0 ' ~  ............................ 92 



Figure 32. Percent release of DMHP in phosphate pH = 7.1 medium for formulations 
1 -  Beads were cured for 15 min. and dried at 40°c.. .......................... 93 

Figure 33. Percent release of DMHP in phosphate pH = 7.4 medium for formulations 
........ ................. 1-5. Beads were cured for 30 min. and dried at 4 0 ' ~  (... 94 

Figure 34. Percent release of DMKP in phosphate pH = 7.1 medium for formulations 
1-5. Beads were cured for 45 min. and dried at 4 0 ' ~ .  ........................... 95 

Figure 35. Percent release of DMHP in phosphate pH = 7.4 medium for formulations 
1-5. Beads were cured for 15 min. and dried at 6 0 ' ~  ........................... 96 

Figure 36. Percent release of DMHP in phosphate pH = 7.1 medium for formulations 
1-5. Beads were cured for 30 min. and dried at 6 0 ' ~  ........................... 97 

Figure 37. Percent release of DMHP in phosphate pH = 7.1 medium for formulations 
........................... - 5 .  Beads were cured for 45 min. and dned at 6 0 ' ~  98 

Figure 35. Release of DMHP fiorn 3% wlv alginate beads plasticized with 
propylene lycol in pH = 2.0 KCL-HCI bufYer cured for 30 min. and t dried at 40 C (1 la) and dried at 6 0 ' ~  (1 1 b). -41~0 shown is 3% alginate 
beads with no plasticizer cured 30 min. and dned at 4 0 ' ~  (4b4) and 

O dried at 60 C (4b6). .................................................................. 1 O 1 

Figure 39. Release of DMHP fiom 3% w/v alginate beads plasticized with 
propylene lycol in pH = 7.4 phosphate buffer cured for 30 min. and % dried at 40 C (1 la) and dried at 6 0 ' ~  (1 1 b). Also shown is 3% alginate 
beads with no plasticizer cured 30 min. and dried at 4 0 ' ~  (4b4) and 

O dried at 60 C (4b6). .................................................................. 102 

Figure 40. Release of DMHP fiom 2% alginate beads with 0.5% HPMC cured 
for 30 min. and dried at 4 0 ' ~  (9a) and dned at 6 0 ' ~  (9b) also cured for 
60 min. with drying at 4 0 ' ~  (9c) and drying at 6 0 ' ~  (9d) in pH = 2.0 
KCI-HCI buffer. Formulations 10a and 1 Ob are 3% alginate beads cured 

.......................... for 30 min. and dried at 4 0 ' ~  and 6 0 ' ~  respectiveIy.. 103 

Figure 41. Release of DMHP fiom 2% alginate beads with 0.5% HPMC cured for 
30 min. and dried at 4 0 ' ~  (9a) and dried at 60'~ (9b) also cured for 60 
min. with drying at 4 0 ' ~  (9c) and drying at 6ooc (9d) in pH = 7.4 
phosphate buffer. F o d a t i o n s  10a and 1 Ob are 3% alginate beads cured 

........................... for 30 min. and dned at 4 0 ' ~  and 6 0 ' ~  respectively.. 104 

Figure 42. Release of DMHP fiom calcium alginate-pectin beads in pH = 2.0 
KCI-HCl bufTer. AU formulations were made with 3% alginate with 1%, 
2%, or 3% pectin (fomulations 6,7, and 8 respective1 ). Ali cured for r 30 min. and dried at either 4 0 ' ~  (6% 7% and 8a) or 60 C (6b, 7b, 

................................................................................. and 8b) 105 



Figure 43 .  Release of DMHP from calcium alginate-pectin beads in pH = 7.4 
phosphate buffer. Al1 fornidations were made with 3% alginate with 1%, 
2%, or 3% pectin (formulations 6, 7, and 8 respective1 ). Al1 cured for l 30 min. and dned at either 4 0 ' ~  (6a, 7a, and 8a) or 60 C (6b, 7b, ' 

and8b) ................................................................................. 106 

Figure 14. Percent release vs. square root of time of DMHP for calcium alginate- 
pectin formulations.. . . . . . . . . .. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . - - - - - - .  . . . . . . . . . . . 1 10 



LIST OF TABLES 

Table I . Design strategies of modified release systems ............................................... ... 18 

Table 11 . Bioerodible polymers and waxes used for matrix dissolution controt ........... 35 

..................... Table DI . Some comrnonly used film formers for microencapsuiation 41 

............... Table TV . Selected solvents used in microencapsulation, with physical data 43 

............................................... Table V . Composition of formulations prepared 63 

Table VI . Composition of calcium alginate beads with the addition of additives ......... 61 

Table VI1 . Yieid and encapsulation eficiency of the various formulations ................ 75 

....................................................... Table VI11 . Gravimetric analysis data 82-83 

........................................ Table U< . Linear regression data on Formulation 6-8 109 

Table X . Linear regression data for Higuchi equation analysis of Figure 14 ............. 1 10 



INTRODUCTION 

The presentation of iron overload in a patient can be acute as in accidental 

poisoning, or chronic such as hemochromatosis, hemosiderosis, and thalassemia. iron 

overload is pnmarily treated by control of symptoms and rernoval of excess iron b?. the 

use of chelat ing agents. These agents present unique problems in dose administration and 

cornpliance. The major goal of this research is to design and evaluate several potrntial 

prolonged release dosage foms of an iron chelator to improve chetation treatnient. 

1.1. THALASSEMIA 

Thalassemia is a genetic disorder characterized by a defect in the synthesis of one 

or more hemoglobin subunits. It has been estimated that over 100 million perçons are 

carriers of the defective gene, and that 100 000 babies are bom each year with some fom 

of thalassemia.' This disease exists primarily in people of Mediterranean background and 

fiom the Middle east, the Indian subcontinent, and southeast Asia Thalassemia can be 

divided into two main categories: 1) a-thalassemia where patients have impaired 



prodiiction of u-globulin subunits and 2) P-thalassemia where there is a decrease in the 

production of P-globulin subunits. 

r 
P-Thalassemia, characterized by a decrease in the production rate of hemoglobin 

P-c hains. causes polyrnenzation of the a-chahs to f o m  tetramen of decreased solubility, 

1 

resulting in the formation of insoluble aggregates within the red blood ceil.- This brings 

about a sliortened life span for the red blood ce11 and intermedullary erythroid destruction. 

resulting in ineffective erythropoiesis and penpheral hemolysis.' Since each parent 

contributes one B-chah gene. resulting offspring can be homozygous and inherit both 

defect ive genes, or heterozygous having only one de fective gene. For the hrttrozy gote. 

also known as P-thalassemia rninor. iIlness presents as mild anemia with microcystosis 

and ~ i~~ochrorn ia . ' .~  This condition is not considered life threatening or clinically 

significant and is usually not treated. 

Cooley's anemia or P-thalassemia major is when the offspring inherits both 

defectivc genes for the P-chain (homozygotes). These patients exhibit severe anernia 

usually appearing withln 1 to 6 months of life. Clinical manifestations are marked 

wasting and appearance of malnutrition, skeletal abnormalities fiom expansion of 

erythroid rnarrow, enlargement of the malar bones yielding the charactenstic "chipmunk" 

faces, cardiornegaly, spleenomegaly, and hepaton~egaly.2*3*7 Patients surviving to 

adolescence usually have the development of secondary sex characteristics delayed.2*7 

The life expectancy of these patients is relatively short and very few reach adulthood. 

Severely afTected patients depend on blood transfusions every 2-4 weeks on a 

chronic basis, treatment that usually extends life to early adulthood. However, this leads 

to other complications in these patients. Each unit of blood provides approximately 225 



mg of iron, and since there is no mechanism for iron excretion and erythropoiesis is not 

optimal, the iron accumulates in their bodies. in the normal healthy individual, the body 

usially contains 4-5 g of iron with an average daily loss of 1-3 mg that is reilaced by an ~. 
equivalent arnount. Transfised P-thalassernia patients c m  accuniuiars over 50-70 g of 

iron throughout a 10 year period.' The patients usually die in early adulthood h m  the 

complications of iron overload, primarily cardiac. hepatic, and endocrine abnormalities. 

1.2. TREATMENT OF IRON OVERLOAD 

The main treatment of iron overload in transfiision dependent anemias such as 

thalassemia is the use of iron chelating agents. The only dmg clinically used currently. 

and for the last 20 years. is Desferrioxamine. marketed under the trade name Desferal b', 

Ciba Geigy (Figure 1). Desfemoxaminc is a fungal sidrrophore secreted by 

microorganisms to scavenge for iron in their environment and is very seiective for 

iron(m) with very low affinities for other elements like calcium, rnagnesiurn, copper, and 

zinc.' The main disadvantage of desfemoxamine is that it is not appreciably absorbed 

when given orally and therefore requires subcutaneous (s.c.) or intravenous ( i x )  

administration. It has a very short biological half life of 5-10 min., and when given i.v. or 

S.C. is excreted in the urine as the f?ee h g ,  the iron complex (femosamine), and various 

metabolites. These rapid elirnination properties complicate the use of desfemoxamine in 

chronically iron overloaded patients. 

Since desferrioxamhe has a very short haif life and not orally bioavaitable, it is 

administered by either S.C. or i.v. infusion for a penod of 8-12 hours per day up to six 

times per week? Although this route of dmg administration is very successfùl for 



reducing the irori load for these patients. niost have poor cornpliance with this treatment 

and subsequenrly become further overloaded with iron. 

il I 
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II I 
\ /C-N, 

( C W ,  
\ / 

W L  W'J* (C'+A 
\ /' \ 

C% 

N-C N-C N - C  
0' 

Figure 1: Structure of desferrioxamine. Ref. (24)  

The major rsasons for noncornpliance is pain, reduction in freedom, disturbed 

slrep, local swelliiig nt the infusion site. and b ~ r e d o r n . ~  Socioeconornic factors also pl? 

a role in noncornpliance. as the treatment is very expensive and very few can afford it. 

Other concems of desferrioxarnine therapy corne fiom its toxic adverse effects. Chronic 

administration yields visual, auditory, and neurological toxicities while hypotension, renal 

insufficiency, growth retardation, and opportunistic infections have also been reported. ' " 
14, 21.22 

The high degree of non-cornpliance and the increased incidence of toxicities with 

desfemoxamine therapy have stimdated the search for possible alternative dmgs as 

potential replacements. Possible approaches include: 



1) Modification of desfemoxarnine structure. 
2) Use of a suitable vehicle to enhance orai absorption. 
3) Alternative routes of administration. 

. . 4) Developrnent of new crally active iron chelators. 
b r 

The use of desfemoxarnine suppositones have been used to replace S.C. infusions- 

but resulting iron excretion is only 10% of that achieved with s.c. infusions.' Reduccd 

iron excretion is similar following oral administration of desferrioxamine.'-" Anorher 

novel rnethod is to administer desfsrrioxamine using liposomes. but only tzmporaq- 

, depletion in iron levels could be achie~ed. '~ 

Development of new iron chelators should yicld compounds which are 

inexpensi ve. promote compliance. and remove excess iron from the body. u hi le 

exhibiting no more toxicity than current therapy. Most attempts ar altering 

desferriosaitiine structurally and in its release have failed. However the developmeiit of a 

new set of orally active iron chelators has received much attention and has instilled new 

hope for the treatment of iron overload. 

1.2.1. THE HYDROXYPYRIDINONES 

There are several criteria that need to be addressed for the development of an 

alternative drug for iron chelation. Firstly, for selective iron chelation the chemical 

structure of any new compound should contain a hydroxamate and/or catachol func tional 

group. Unfortunately these groups also reduce the clinical u s e m e s s  since hydroxarnates 

are susceptible to hydrolysis in acid environments like the stomach and catachols are 

easily oxidized in the intestine as well as king poorly absorbed.' Other chelating 

compouods contain polyaminocarboxylic acids such as EDTA which will bind iron, but 



are very non-specific and can also remove other divalent ions such as calcium. zinc. and 

magnesim. Secondly, for effective absorption through the GI tract the molecule and the 

res&ing iron complexes should rernain as a neutral species throughout de entire pH 

range of the GI tract. A thorough evaluation of potential compounds that are acid stable, 

orally absorbable. and have efficient specific iron chelating properties has lead to the 

development of a new class of iron chelators, the hydrosyp~ridinones. 

1.2.1.1. 1,2-DIMETHYL-3-HYDROXYPYRID-1-0NE 

Many derivatives of the hydroxypyridinones have been tested for iron chelating 

properties iu virro and in vivo in niice and rabbits. "-' ' The most promising compound is 

i,2-dimetbyl-3-hydroxypyrid-4-one also known as L 1. CP20. DMHP, or Deferiprone 

(Figure 2). Successful preliminary animal studies have resulted in encouraging clinical 

trials for iron chelation therapy fol lowing oral administration. 19.20 

Figure 2: Structure of 1,2-dimethyl-3-hydroxypyrid-4-0ne. Ref. (24). 



Studies comparing DMHP to desferrioxamine for efficient iron removal in overloaded 

patients showed both compounds to be comparable at equivalent doses.". " The dose 

used for DMHP ranges fiorn 50- 125 mg/kg/day orally compared to desfemioxktinc doses 

of 50- 100 mgkgtday as a II h. infusion. The LDSo of DMKP is > 1 g'kg in various 

aniiiial species. Adverse effects reported in hurnans include reversible agranulocytosis. 

arthropathy, gastric intolerance. and zinc deficiency. 24-17 

1,3.1.1,1. f HYSIOCOCHEMICAL PROPERTIES 

DMHP (mw= 139.15 ) ciystallizes as white orthrornbic crystals. The melting point 

is 266-268'~.  Solubility in water at 2 4 ' ~  is 16- 15 r n g / r n ~ . ~ ~  It is very stable at room 

teniperature in both acidic and basic solutions.'" The niuogen in the pyridine ring 

exhibits a pKai=3.3 and the 3-hydroxy group possrsses a p~a2=9.7 ."  Evaluation of ion 

spscitkity shows that DMHP exhibits a stronger afinity for iron(m) compared to other 

ions like calcium, magnesiurn. and rnanganese. but has moderate affinities for aluminum 

and copper.37 Complexation with iron over the pH range of 6-10 forms neutral species o f  

purple to orange color with a 3 DMHP: 1 Fe stoichiometry (Figure 3)." This complex 

has a stability constant (Io&) of 36.34 compared to desfemoxamine of  30.60 with a hmar 

= 460 at p~=7.3.3'v3' The partition coefficient (KPm) of fiee DMHP is 0.21 and of  the 

iron compiex is 0.0009.~~ 

1.2.1.1.2. PEURMACOKINETIC PROPERTIES 

The absorption half life of DMHP ranges fiom 7-22 min., suggesîing a rapid 

absorption fkom the stomach or upper GI tract. 34, 35 The t,, is approximately 1 h. 



followed by elimination primarily via the kidneys and a tl,-,,,, ranging from 74.3- 159.6 

min- 34.35.36 The majonty of the dmg is eliminated as free DMHP. plus the glucuronide 

corijugate, and the iron-DMHP complex (Figure 3).j4 The relatively shorf halfilife of 

DMHP indicates it will need to be administered several times daily to maintain 

therapeutic blood Ievels. or require the development of a modified relsase drug delive- 

systern. 

Figure 3: Structures of DMHP, DMHP-glucuronide, and DMHP-iron 
complex. Ref. (24). 



1.3. MODIFIED RELEASE DOSAGE FORMS (MRDF) 

To date there have been numerous tenns descnbing specialized release dosage 

forms. These include: Continuous action, Slow release, Controlled release, ~Gta ined  

release, Time release, Slow acting, Long acting, Prolonged release, Retarded release. 

DeIayed release. Time coat, and others. Many of these terms were developed by dmg 

manufacturers as marketing tools to help distinguish their products. Collectively they 

describe a dmg delivery system that modifies the rate of release of a drug Frorn its dosage 

forrn. 

in 1 985 the USPMF adopted the term "Modified release dosage form" (MRDF) to 

avoid confusion between the different rnanufacturers descriptive terms. It is defined as 

"one for which the drug release characteristics of time course and/or location are chosen 

to accomplish ttizraprutic or convenience objectives not offered by conventional dosage 

forms such as solutions, ointments. or promptly dissolving dosage forms."" This 

definition attenipts to link together the subtle differences between the various specialized 

release systems. The USPMF also recognizes two distinct types of rnodified release 

dosage forms, delayed release and extended release. 

A delayed release dosage form is defined as one that releases the drug substance at 

a time other than imrnediately d e r  An example is an enteric coated 

tablet which will not release the medication in the acidic environment of the stornach but 

allow its release in the less acidic environment of the intestines. 

An extended release dosage form is one that dows  at least a two-fold decrease in 

dosage fiequency compared to the conventionai immediate release fo~m.~' Extended 

release systems can be subdMded iuto two types, prolonged/sustained release or 



controlled release. Prolonged or sustained release dosage forms are designcd ro re lsase 

the dmg substance slowly over an extended penod of tirne (Figure 4). Controllcd release 

syitems irnply some predictability and reproducibility of cimg release. Initiaily a loading 

dose is released to obtain a rapidly achieved therapeutic blood Ievel, followed by a 

slower, more constant release of the drug where the amount eliminated fiom the body is 

being constantly replaced (Figure 4). 

Figure 4: Cornparison of the hg-plasma concentration vs. time curve of  
a conventional tablet, a sustained/prolonged release system, and a 
controlled release dosage form. Ref. (39). 



1.3.1. OBJECTIVES OF MODIFIED RELEASE DOSAGE FORMS 

A conventional dosage form is designed to disintegrate immediately upon contact 
r 

with GI fluid, facilitating imrnediate release of the medication(s) it contains. ~hi&esults 

in quick  dissolution^ followed by absorption of the compound into the blood. For these 

types of systems, the rate of drug entry into the blood is not govemed by the dosage forrn 

but rather by the physiocochemical properties of the dmg and the physiological 

paranieters at the absorption sire. n i e  administration of several doses results in a '-saw- 

toorh'. pattern for the b lood-driig concentration cunre (Figure 5). These fluctuations can 

Iead to toxic and/or subtherapeutic levels in the blood. resulting in urwanted side effects 

andior reduced pharmacological response. This is not ideal for dnigs \\-hich have a very 

narrow therapeutic ranges. 
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Figure 5: Hypothetical blood dnig concentrations resulting fiom (A) 
conventional tablets and (B) controiied release tablets. Ref. (40) 



The objectives of a modified release system is to alter the pharmacokinetics and 

pharrnacodynarnics of a drug in order to mininiize dmg adverse effects from fluctuations 

in blood concentrations and provide a prolonged therapeutic effect (Figure 5 ) :  in mdet to 

achieve this, a system should release the dmg substance at a constant rate approximating 

zero order kinetics so that at steady state? the rate of drug released should equal the rate 

eliminated fiom the body (rate in = rate out). For this type of drug delivery system. the 

dosage forms design controls the rate at which drug appears in the blood. 

1.3.2. ADVANTAGES AND DISADVANTAGES 

The design of rnodified release dosage forms holds man? advantages over 

coiiventional dosage foim counterparts. The main advantage is a decrease in dosing 

frequency. The extended-release nature of these systems allows drugs to be administered 

once or twice a day and still maintain therapeutic blood concentrations. as compared to 

the conventional forms that are given three to four times a day. Reduced frequency of 

dose administration promotes patient convenience and compliance. Modified release 

dosage foms can also reduce unwanted side effects resulting fiom fluctuating plasma 

concentrations and prevents the dmg dropping to subtherapeutic Ievels by maintainhg a 

constant rate of drug release. A once-daily treatment with a rnodified release dosage form 

can be less expensive then 3-4 treatments of  a conventionai forrn, resulting in better dmg 

utilization and patient compliance. 

One major disadvantage of modified release dosage forms is the higher cost of 

production relative to the conventional dosage form. This is most likely due to the 

research and money invested in developing such a dosage fom. In a poorly formulateci 



MRDF product there is also the possibility of "dose dumping" of a larger dose so a 

potentially toxic single dose of the drug substance may be released. Conversely the 

dosage f o m  may fail to release the drug properly leading to inadequati therapeutic 
. . 

concentrations. Another concem is the physical size of these dosage forms. Some 

systems are much larger then conventional forms because the' contain the equivalent of 

several conventional tablet doses. Difficulty of ingestion becomes the major cornplaint 

fiom patients. sspecially geriatnc patients. 

If the MRDF causes acute intoxication in the patient by "dose dumping" or 

accidental overdose. it is more difficult to remove the drug than f7om a conventioriai 

dosage fom. This is due to the fact tfiat drug is usually releassd continually throughout 

the entire length of the GI tract. Treatnisnts such as gastrii lavage or forced emesis nia'. 

not effectively rspcl the modified release drug dosage forni. Fine adjusment of dosage 

regimens is usually dificult with most systems as they cannot be halved, chewrd. or 

crushed. The niajor disadvantage of the MRDF is the poor bl vi~*o/in vitro correlation. -4 

good modified release profile in vivo may not be elicited in vivo because of the many 

biological variances in human or animal subject's sites of absorption. 

1.3.3. LIMITATIONS OF DRUG SELECTXON 

When selecting a dmg to be fomulated in a modified release dosage fom, the 

physiocochemical characteristics must be considered to ensure the suitability of the 

formulation. 

The h g  itself should be rapidly and efficientiy absorbed fiom the GI tract. Once 

steady state is achieved, the s m d  amount continually released to maintain plasma levels 



will need to be rapidly and completely absorbed to reduce any fluctuations in the plasma 

concentration. A dmg with a narrow therapeutic range would also be a prime candidate, 

since a rnodified release systern can be specificaily tailored to release the drui to maintain 

a relatively constant therapeutic range and reduce fluctuations in plasma concentrations 

achieved by repeated administration of conventional doses. 

DNSS with elimination half lives (ttn) shorter than 3 hours, are usually not 

selectsd beçause of the large amount of drug needed to formulate them. This rrsults iri 

very large dosage forms that can be diEcuit to swallow. Drugs with half lives longer 

than 8 hours are not chosen because they can potential accumulate during sustained and 

constant release. Such drugs are sufficiently sustained in the body when delivered by a 

conventionai dosage form. Drug ' s which have therapeutic effects independent of plasma 

concentration are not chosen (e.g.  tricyclic antidepressants) as there is no need to 

maintain a consistent plasma concentration. A final limitation of a candidate dmg is the 

phenornenon of receptor tolerance. Formulating this type of dmg in a modified release 

preparation can elicit faster tolerance effects because the receptors are constantly being 

exposed to it. Sustained release nitroglycerin is an example of a drug that falls into this 

category, however sorne exceptions to this d e  do exist. 

1.3.4. BIOLOGICAL CONSIDERATIONS 

LnitiaiIy the MRDF is tested using in vitro methods, involving mainly dissolution 

studies in appropriate media. What may seem like a suitable release profile for a 

modified release dosage fom in vitro may not necessarily be maintained when tested in 

vivo. This is because of the inter and intra-variability between subjects used to test the 



system in rfvo. The main source of vax-iabilit?. for  orally administered systems cornes 

Gom the physiology of the gastrointestinal tract (GI tract). The GI tract can be divided 

into four major sections that have varying effects on drug bioavailability: h e  stornach, 

small intestine, large intestine and the colon or rectum (Figure 6). 

Following oral administration of the dosage form. the first organ the MRDF 

encounters is the stomach. The stomach is involved in the mixing and grinding of  food 

and the secretion of acid and enzymes to help aid in digestion. Ln the prescnce of food the 

stomach undergoes the digestive or fed phase ~ h e r e  food particles less than 1 mm are 

emptied via the pyloric sphincter into the duodenum. 4 1 . 4 2  This phase cari last up to 8 h. 

with rneals of high solid content or finish in less than 60 min. with a liquid diet.'' 

When there is no food present, the stomach undergoes the interdigestive phase or 

tasting state. In this cycle the stomach undergoes a scries of sporadic contractions fmally 

ending with what is called the "housekeeper" contraction which rernoves al 1 remainhg 

material in the stomach into the small intestines." This cycle of contractions repeats 

itself every 90-120 min.'" During these cycles there are secretions which change the 

environmental pH. The pH of the fasting stomach c m  range fiom 1-3. while in the 

presence of food the pH c m  nse as high as 3-5. Significant variation c m  occur in the 

cirug delivery systems residence time in the stomach depending on the presence or 

absence of food. For exarnple, sustained release ibuprofen tablets can reside in the 

stomach for up to 11 h. when taken after food, or be eliminated within 35 min. in the 

fasted ~ubject?~*" Design strategies focus on the structure of the delivery system, as SR 

granules may lave the stomach faster and more un i fody  than large intact erodible or 



leacliing type tablets. The chernical stability of the drug should also be considered as i t  

can be exposed to the acidic environment for varying periods of time. 

Gafl 
biadder 

t iver 

Figure 6: Schematic representation of the gastrointesîinal tract. Ref. (41) 



Time of passage into and through the small intestine is the most variable 

parameter between subjects. Here the pH can nse to around 6 or 7 due to the pancreatic 

sècretion of bicarbonate. In adults, the length of the intestine ranges from' 10 to 14 feet 
1 '. 

and consists of three main parts: the duodenum. jejunurn. and ileum (Figure 6). The 

surface of the small intestine is cornposed of villi that are further capped by microvilli. 

which greatly increase the surface area for absorption. The density of the villi decreases 

from the ileum through the intestine to the ileo-cecal junction. The transit tirne for liquid 

and solids is -3-4 hours in the fasting state and -6-10 hours in the fed state.'" Therefore 

depending on the release characteristics of the system, the intestinal transit time may be 

too short in the fasted state to allow sufficient drug release. For some drugs, absorption 

takes place only at specific areas of the small intestine, so if intestinal transit time is too 

fast, efficient drug absorption may be prevented. 

Finally the MRDF is exposed to the large intestine in its transit through the GI 

tract. Here the pH is -7-8 and MRDF transport is very slow due to decreased fluid in the 

large intestine. When compared to the small intestine, which is relatively sterile. the 

large intestine is a huge reservoir of rnicrobial activity. The bacteria here have the 

potential to metabolue the drug and consequently reduce the bioavailability. Poor 

absorption of the dmg in the colon is mainly due to the lack of villi and fluids. If a 

MRDF does not release al i  of the dnig content during transit through the small intestine, 

absorption f?om the large intestine only can result in considerabIe variation of results. 

However once the MRDF reaches the rectum, drug absorption increases in efficiency 

again due to the network of blood vessels in this area, and in some 12-24 hour MRDF 

systems, sigdicant absorption wili stiii occla here. 



1.3.5. TYPES OF MODIFIED RELEASE DOSAGE FORMS 

The rnost cornmon route of d m g  administration is the oral route, primarily for 
f 

patient convcnience and acceptability. Modified drug delivery design techniques have 

focused on the oral route, mainly because of an increase in flexibility of design 

parameters. ~Most modified release dosage forms given orally are solid although some 

liquid formulations do exist. The main reason for this is thar most system d e s i p s  rely on 

modification of the dmg's difision and dissolution properties to achieve modified 

release. Liquids permit the dmg particles or molecules ro b r  in contact with the potential 

dissolution niedium imrnediately. which consequently removes the dmg fiom its dosage 

environment leading to rapid absorption in the GIT. 

In gsrieral. rnost MRDF wilI contain a dose for inunediate release to sstablish a 

rapid therapeutic blood level followed by a controlled release dose to maintain that b e l .  

The man- different approaches in developing MRDF systems are listed in Table 1. 

Table 1: Design strategies of modified release systems. Ref. (4 1 ). 

1 . Continuous release systems : 
a) Dissolution control 
b) D i f i i o n  control 
c) Dissolution and dif is ion control 
d) Ion-exchange resins 
e) Osmotically controlled devices 
f )  Slow-dissolving salts or complexes 
g) pH-independent formulations 

2. Delayed transit and continuous systems 
a) Density based systems 
b) Size based systems 
c) Bioadhesive systems 

3. Delayed release systerns 
a) Intestinal release 
b) Colonic release 



1.3.5.1. DISSOLUTION CONTROL 

in order for a dmg to be absorbed into the blood strearn it must first dissolve in 

the aqueous fluids of the GI tract. The process of  dissolution is governed by the pH o f  the 

environment, the pKa of the dmg, the surface area of the drug particles. and various other 

physiocochemical properties of the drug such as polymorphic form. sait form etc. A 

diffusion layer rnodel developed by Noyes and Whitney in 1897 (Figure - describes the 

rate at which a solid dissolves in a solvent. This model is described by equation ( 1 ) 

dC DS -=- (cl. - C) 
dT Vh 

Figure 7: Diffusion layer model. Ref. (57) 



Wliere 

Cie 
- = dissolution rate 

. dT 
C = concentration of solute at time T 

. T = time 
D = diffusion coefficient of the solute in the solvent 
S = surface area of the exposed solid 
V = volume of solveiit 
h = thickness of the diffusion layer 
Cs = solubility of the solid 

[t is assumed tiiat an aqueous 

solid and the solvent of thickness h. 

through which the solute molecules di 

diffusion laycr or stagnant layer exists between the 

This Iayrr represents a statioriary la).er of solvent 

&e, driven by a concentration gradient fiom Cs to 

C. At x = h, the solute molecules mix w-ith the bulk solvent and form a uniform 

concentration, C. At x = 0. the drug in the solid is in equilibriurn with a saturated drug 

concentration in the diffusion layer. The gradient across the diffusion layer is linear. 

M e n  C is much less than Cs, the system is said to be in sink coiiclirions and the 

equation can be rewrittcn as: 

In equation (1) and (2), it is assurned that S and h are constant, but this is not 

always the case. The thickness of the diffusion layer cm be reduced by agitation thus 

increasing the dissolution rate. Aiso, the surface area of the solid cm change as it 

dissolves. Although these equations may not sirnulate actual dissolution conditions, they 

do provide valuable information of ways to alter the dissolution character of a MRDF in 

order to modw the h g  release. 



One of the most comrnon techniques for modifying a drug's release is to utilize 

dissolution as the rate iimiting step. Dmgs with a slow dissolution rate are inherrntly 

sustained because of their intrinsic Low aqueous solubility, e-g. digoxin. ~or 'cornpunds 

with high aqueous solubility, a decrease in the dissolution rate can be achieved by tluee 

different methods. 

I . Derïvatize the h g ,  form a salt or cornplex. 
2. Incorporate the dmg in a matrix that slowly srodes. 
3. Encapsulate or coat drug particles with a pooriy soluble material 

The formation oFa slightly soluble sait form of a drug can reduce it's dissolution 

in the GI tract tluids in order to delay it's release. Phenylephrine as the tannate salt 

provides constant blood levels for 12 h. after a single oral administratioii." 

Coprecipitation of dmgs is an exarnple of complexation of a drug to prolong its release. 

Thioridazine-prctin coprecipatates yielded much slower dissolution rates than that of 

physical mixtures of dmg and lactose suggesting an application in sustained release 

principles for th i o r i d a ~ i n e . ~ ~  

Stagnant diffusion layer control assumes that the dissolution process is diffusion 

layer controlled. Therefore, the rate of diffusion through an unstirred water layer on the 

solid surface relative to the bulk solution is rate limiting, and thus an increase in the 

stagnant layer prolongs the dissolution rate of the dmg. Such a system can be described 

by Fick's first law, where the flux, J, is given by: 



Where 

D = Diffusion coefficient 
. . = Concentration fiom the solid surface to the bulk solution side : 

The material flow rate through a unit area A from a dosage forrn can be defined as: 

Where 

A= the effective area availabte for dif'fusion. 

If the concentration gradient is linear and the thickness of the diffusion layer is h. then 

Where 

Cb = concentration of the bulk solution 
Cs = concentration at the solid surface 
h = diffkion layer thickness 

Combining the above equations gives 

dm - DA -- - -(c* - c*) = k4(C. - c*) 
dr h 

Where k is the dissolution rate constant. A constant dissolution rate is predicted using 

Equation (6) but requires the surface area, diffusion coefficient. diffusion layer thickness. 

and concentration difference to be kept constant. As dissolution proceeds, al1 these 

parameters may change. For sphencal particles, the change in area can be related to the 

weight of the particle. Under the assumption of sink conditions, equation (6) becornes the 

cube root dissolution equation 



Where 

k ' = the cube root dissolution rate constant 
. Wo = the initial weight 

W = the weight remaining 

Another usehl equation for deterrnining the dissolution rates of dosage foms 

with different geometries is: 

Mt = amount released at time t 
M = total amount released 
a = half thickness of dosage form 
n = constant shape factor: n = 3 for a sphere. n = 2 for a cylindsr. n = 1 for a slab 

Ln matrix dissolution the dmg is dispersed in a slowly dissolving carrier and 

compressed into a tablet form (Figure 8b, page 26). The matrix can be one of several 

polymeric or wax compounds (Table Il, page 25). The rate of dmg dissolution is 

dependent on the rate of penetration of the dissolution fluid into the matrix andlor erosion 

of the matrix. The porosity of the matrix, the presence of hydrophobic additives, and the 

wetability of the tablet and particle surface control the rate of penetration of the fluid. 

The type of polymer or wax used govems erosion rate. 

Bioerodible tablets are an example of using dissolution to control modified reiease 

of a drug substance. Slow erosion of the tablet surface facilitates the exposure of the dmg 

particles to the dissolution £luid, thus controlling the rate of dnig release. The mechanism 

of biodegradation for the polymers usually involves chemically or enzymatically 



catal-yzed hydrolysis. Wax matrices dissolve at body temperature. or close to it. The 

most desirable bioerodible system is one where the drug is hlly immobilized in the 

matrix so that difisional release is of little consequence and release will bk facilitated 

soicly by erosion of the outer surface of the matrix. Therefore depending on the final 

shaps of the dosage fomi. the release kinetics can be described by Equation 8. The 

disadvantages of erosion devices is that the duration of release of drug from the device 

following ingestion is directly proportional to tabler thickness, and unless the surface area 

reniains constant. the rate of drug release will decline as the area decreases. Therefore, a 

release rate approximat ing zero-order is difficult ro ac hieve with these devices. 

Encapsulated dissolution control involves coating individual particles or granules 

of drug. called cores, with a slowly dissolving material, called a coat (Figure 8a). The 

tinie required for the dissolution of the coat is a furiction of the thicknsss and the aqueous 

solubility of the polynier. Employing coats of different thickness on a portion of the 

particles in a dosage form can help achieve a prolonged release andor repeat action 

release of the dmg. 

The principle technique for encapsulating drugs is microencapsulation. It is now 

one of the most widely utilized and researched methods for producing modified release 

dosage f o m .  It's use has extended into the encapsuiation of liquids as well as solids. It 

can be employed to produce many different types of release mechanisms, such as 

swelling, erosion, inert-nondisintegmting, porous, or dissolving. A discussion of 

microencapsulation is included later in this chapter. 



Table II: Bioerodible polyrners and waws wed for matrix 
dissolution control. Ref (39+47) 

1. Waxes 
G 1 yerol paimito-stearate 
Beeswax 
Glycowax 
Castor wax 
Carnauba wax 
G 1 ycery 1 monostearate 
S tearyl alcohol 

2 .  Polyrners 
A. Polyamides 

Albumin 
Poly[(hydroxyalkyl)-L-glutamines] 
Collagen 
Poly(L-leucine-CO-L-aspartic acid) 
Polydepsipeptide 
Poly( kalanine) 
Poly@roline-CO-glutamic acid) 
Po 1 figelatin-CO- lysine esters) 
Poly(Lglutamic acid-CO-y-ethyl-L-glutamate) 

B. Polyesters 
Poly(P-propiolactone) 
Poly(P-hydroxybutyrate) 
Poly(1actic acid) 
Poly(glyco1ic acid) 
Poly(~-caprolactone) 
Poly(alke1yene oxalates) 
Polydioxanone 
Poly(aike1yene diglycolates) 

C . Polyaminotriazole 
D . Pol ydihydropyrans 
E . Poly(allcyl2-cyanoacrylates) 
F. Po ly(orthoesters) 
G. Polyanhydndes 
M. Chitosan 
1. Polyurethanes 
J. Polyacetals 



Figure 8: Schematic representation of dissolution controlled h g  release 
a) encapsulated b) matrix. Ref (39) 



1.3.5.2. DIFFUSION CONTROL 

Diffusion of a dnig molecule provides the movement fiorn a zone of hi& 
t 

concentration to that of low concentration. Here, the fomulator relies on the diffusion of 

the drug through an inert membrane barrier to control the release rate of a dmg. There are 

two types of dimision controlled systems: 

1. Reservoir devices 
2. Matrix devices 

1.3.5.3. 1. RESERVOIR DEWCES 

A reservoir device c m  be described as a core of drug (the reservoir) surrounded by 

a water insoluble polymeric membrane (Figure 9a). Dnig release occurs froni the 

partitioning of the drug through the coating membrane to enter the dissolution i~irdia. 

The driving force is the concentration gradient between the core and the dissolution 

media. The rate of difision across the membrane can be described by Fick's first law of 

dimision, (Equation 3) which States that the amount of drug passing across a unit area is 

proportional to the concentration difference across that plane. Assurning that the drug is 

in equilibrium on either side of the respective membrane surfaces, the concentration just 

inside the membrane c m  be related to the concentration in the adjacent region by the 

following equations (Figure 9B): 
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Figure 9: (A) Schematic representation of an encapsulated diffusion control 
device. Ref (63). (B) Concentration of dmg on the inside of 
the membrane and adjacent regions. Ref (64) 



K = partition coefficient (ratio of the drug concentration in the membrane to that 
. in the bathing medium at equilibrium) 

C,, = Concentration of dmg on the inside surface of  the membrane ' 

- Cm(d) = Concentration of drug on the outside surface of membrane - 

d = thickness of the diffusion layer 

Assuniing tliat K and d are constants, Equation ( 3 )  can be integrated to: 

Where AC is the concentration difference across the membrane. The drue release will 

v a q  depending on the geometry of the system. Therefore Equation ( 1 1 ) can be rewritten 

depending on the geornetry: 

Slab: 

Where 

A = the effective surface area of the membrane available for d i f i s i o n  

C ylinder : 

Where 

h = length of the cylinder 
r, and ri = outside and inside radius respectively 

Sphere: 



Where 

r, = outer radius of device 
. ri = radius of the inner core 

The left side of equations 12 to 14 represents the release rate of the system. In 

order to maintain a zero order release. the paranleters on the right hand side of the 

equation must remain constant. That inctudrs the diffûsional area and path lengtli for J 

slab, and the imer and outer radius of a cylinder and a sphere. It is somewhat difficult to 

maintain al1 of these parameters more or less constant. but zero order reiéase is 

approximated with these systems. For example, salicylic acid reservoir dosage foniij 

showed varying degrees of zero order release, depending on the thickness of a 

hydroxypropyl ceIl dose - polyvinyl acetate coat.'' 

1.3.5.2.2. MATRIX DEVICES 

A matris device consists of a drug hornogeneously dispersed throughout an insrt 

or insoluble polymer mat& (Figure 10). The rate of h g  release through a planar inen 

porous or granular matrix has been described by Higuchi. j9* Here, drug is able to pass 

fiom the matris through fluid filled pores, but does not pass through the polymer dirrctly. 

Where 

Q = dnig release in grams per unit surface area 
D = difbion coefficient of dnig in release medium 
E = porosiîy of matrix 
T = tortuosity of mattix 



C, = solubility of drug in release medium (g/mL) 
A = co~iseiitrntion of drus in triblet (g,/mL) 
T = time 

The equation for a planar systern having a hornogeneous matrix is: 

Where 

D = diffusion coefficient in the matrix 

The assumptions made in deriving the Higuchi equations are as follows: 

A pseudo-steady state is maintainsd during dru@ release. 
A >> Cs. i.r.. excess solute is present. 
C = O in solution at al1 times (perfscr sink). 
Dmg particles are rnuch smaller than matrix particles. 
The diffusion coefficient remains constant. 
No interaction occurs between the drug and the matri'c. 

For the purposes of data treatment, Equation 15 and 1 6 are ofien simplified assuming the 

matrix parameters remain constant: 

A plot of amount of drug release versus the square root of time should be linear if drug 

release is matrix difision controlled. Zero order is diffkult to achieve with this device 

because the polymer matrix is insoluble, so as some drug dissolves and diffises out, the 

diffusional path length increases for dnig molecules more deeply ernbedded in the matrix. 

Higuchi has also developed a spherical device mode1 for homogeneous rnatri~.~' 

Where 
a,, = the radius of the whole pellet 
a'= The radius of that part stili unextracted 
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Figure 10: A matrix dihional control delivery system, before release ( t h e  = 0) 
and after partial release (tirne = t). Ref (64) 



1.3.5.3. DISSOLUTION AND DIFFUSION CONTROL 

A combined dissolution and diffusion control of dmg release can be accomplished 
r 

by coating a h g  core with a partially soluble membrane (Figure 1 1). Usually this 

membrane contains a combination of hydrophobic and hydrophilic poiymers. The 

dissolution of the hydrophilic polymer causes the formation of pores through the 

membrane. This aIIows the dissolution media to enter the core and dissolve the drug. 

The fraction of the soluble polyrner will be the dominant factor in controlling the release 

rate. The release rate is govemed by the following equation: 

(CI - C2) 
Release Rate = AD 

t:  

A = surface area 
D = difision coefficient of drug 
Ci  = concentration of drug in the core 
Cz = concentration of  h g  in the dissolution medium 
P = diaision path length 

If the dnig can diffuse through the membrane then Equations 12 to 14 as well as Equation 

19 apply, depending on the systems geometry. 
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Orug 
/ 

Figure 11: Schematic representation of diffusion and dissolution control of dmg 
release. Ref (63) 



1-3.5.4. ION EXCHANGE RESINS 

Ion exchange resins are water inso1ubIe cross-linked polymers containing salt 
r 

forming groups in repeating positions on the resin chain. The salt forming hnctional 

group can contain acidic-reacting groups such as phenolic. carbo.uylic. or sulfonic called 

cationic exchange resins, or the? can contain basic-reacting groups composed of rither 

amino or quaternary ammonium groups called anionic exchange resins. The resins are 

fomed by either incubating a drug solution with the resin or passing the drug solution 

through a column loaded with resin. AAer a suitable time period to allow complete 

displacement of the counter ion by the drug, the resin is washed and dried fomiing 

particles or beads. Dmg release from the resin is facilitated by the exchange of the drug 

for a suitable counter ion fiom the dissolution medium of GI tract fluids as illustrated 

below: 

Cationic ion exchange: 

resin- - dmg' + Y + resin- - Y- + drug- 

Anionic ion exchange: 

resin' - dmg- + X- + resin' - X- i- dmg' 

The release rate depends on the ionic environment of the GI tract as well as the resin 

properties. Since the electrolyte concentration is relatively constant, good reproducible 

release rates can be obtained. The extended releasing nature of the resins is the result of 

slow diffusion of the dnig molecules through the resin particle structure after release by 

the counter ion. The area of diffusion, diffusional path length, and the rigidity of the resin 

govem the rate of dmg diaision. Therefore the degree of cross-linking, porosity, 

chernical composition, and the physical size of the particles can ali be varied to rnodiQ 



[lie release rate. An additional rate controlling measure is to microencapsulate the resin 

particles with a hydrophobic rate limiting polyrner.b' '' 

1.3.5.5. OSMOTICALLY CONTROLLED DEVICES 

Recent advances in sustained and controlled drug deiivery whether for oral 

administration or implantation. has focused on the use of osmotic pumps. These devices 

use osmotic pressure to deliver drug at a constant rate (Figure 12). The basic construction 

of an osmotic pump is a semipermeable membrane surrounding a core of osmotically 

active drug or a non-osrnotically active drug with an osmotic agent (Figure 12B). The 

membrane allows free diffusion of water into the core but prevents the drug or the 

osniotic agent fiorn diffusing out. A delivery orifice is driiled through the membrane by a 

laser or high speed meclianical drill to permit the dissolved drugos release. The system 

can also be designed without an orifice where the hydraulic pressure builds up until the 

device bursts releasing the entire contents (Figure 12C). Another type of pump is 

designed with an orifice and the dnig in solution insidr an impermeable membrane with 

the osmotic agent surrounding the bag (Figure 1ZA). The entire system is then M e r  

covered with a semipermeable membrane which allows the water to diffise in, producing 

the hydraulic pressure which increase the pressure on the bag, forcing the drug solution 

out through the orifice. These devices, excluding the bursting type, deliver the dnig at a 

zero order rate until the osmoticaliy active ingredient drops below saturation solubility, 

d e r  which the release follows a non-zero order rate. 



Figure 12: (A) Flexible bag osmotic pump. (B) Osmotic core containing drug 
(C) Osmotic pump containing no orifice. Ref (65) 



1.4. MICROENCAPSULATION 

Microencapsulation of dmgs has other advantages in addition to eliciting a 
r 

madified rate of release. Drugs like potassium chloride and Aspirin have been 
< * 

encapsuiated with pH-dependent coatings to reduce gastnc irritation. 49. 50 Flow properties 

of drugs can bs enhancrd by the coating and the taste or odor of drugs c m  be masked.""- 

68 Other advantages include increasing the ease of swallowing tablets and protecting 

labile materials from their environments. The 

range in size from 1 to 200 pin.''' Particles of 

microcapsules formed f?om this technique 

less than 1 ,um are terrned nanoparticles. as 

they are measured in nan~rneters.''~ Depending on the operating conditions used during 

these processes. microcapsules can be produced in a vanety of conformations and 

structures, with the rnononuclear splierical shape being the rnost common (Figure 13 1." 

The main processes employed to produce microcapsules are: 

1. Simple or Complex coacervation i Phase separation 
2. Interfacial polymerization 
3. Solvent evaporation 
4. Hydrophilic and hydrophobie congealing 

Other methods of microencapsulation include air suspension coating and pan coating 

which involves the spraying of a polymer solution ont0 particles as small as granules or 

as large as tab~ets.'~ 

1.4.1. THE CORIZ 

The core material is usually comprised of one or more dmgs with or without 

additives. Solid cores may consist of the dnig as an agglomerate, or as the onginal 

powder or crystai. Liquid wres cm be formed h m  the active component alone or fkom 



the dmg dissolved or dispersed in a solvent. 5'152 Additives include stabilizers. diluents. 

excipients, release rate retardants or accelerators. Poly(L-lactic acid) microspheres 

cohtaining ~seohlvui:phospholipid soiid dispersions showed enhanced dissolution 

when compared to micronized gr i seofu i~ in .~~ SrnaII cores tend to have aggregation 

problerns during production due to the efTect of surface attractive forces. and larger 

particles can have rapid sedimentation rates, while irregular shapes 

en capsula ted 
microcapsuks 

Figure 13: Some typical structures of microcapsdes. Ref. (48) 



can cause uneven distribution of the coating rnateria~."~ Techniques such as s i x  

reduction. crystal habit modification, and agglomeration or spheronization have been 

ernployed to form particles of uniform çize and shape that can be kproducibly 

microencapsulated. Another method is to use nonpareil seeds, which are usually sucrose 

pellets of uniform size and shape. to form the primary cores. These pellets are coated 

with a binder solution. usually PVP, then layered with the dmg powder. These àrug 

loaded pellets can then be microencapsulated utilizing one of the man- techniques 

descri bed previousl y. 

1.4.2. THE COAT 

There is a vast selection of coating materials that can be employed for 

microencapsulatïng drugs (Table 3). During production they can be used either alone or 

in combination with other p o l p e e  or additives. The choice of coat deperids on the final 

use of the microspheres: enteric coating, biodegradable, hert or non-disintegrating. 

swelling, or porous. A good coating material should be capable of forming a film that 

binds with the core material and provides the desired coating properties. such as strength. 

Bexibility, impermeability, and stabilitys4 It should also be non-toxic. non-irritating, and 

non-allergenic, as well be compatible with the core material." 

Al1 of the techniques of microencapsulation listed in Table IIi, except rnelting- 

congealing, requkes the use of an aqueous or non-aqueous solvent system to apply the 

coating material on the core (Table IV). The dissolution ofthe coating polyrner by the 



Table III: Some commonly used film formers for microencapsulation. Ref (48) 

Acacia 
Acrylic polymers and copolpers  

PO lyacrylamide 
polyacryldex tran 
polyalkyl c yanoac ry late 
polyrnethyl rnethacrylate 

Agar and agarose 
AI burnin 
Alginates 

calcium alginate 
sodium alginate 

Aluminum monostearate 
Carboxyvinyl polymer 
Cellulose derivatives 

cellulose acetate 
cellulose acetate butyrate 
cellulose acetate phthalate 
cellulose nitrate 
e thylcellulose 
hydroxypropylcr llulose 
hydroxypropylmethylcellulose 
hydroxypropylmethylcellulose phthalate 
methylcellulose 
sodium carboxymethylcellulose 

Dextran 
Gelatin 
Poly (E-caprolactone) 
Poly ester 
Polyethylene glycol 
Poly(ethy1ene-vinyl acetate) 
PoIyglycoIic acid, polylactic acid, and copolyrners 
Polylysine 
Polystyrene 
Polyvinyl alcohol 
Po lyvinylpyrrolidone 
Polyvinyl acetate phthalate 
P o l y g l 6 c  acid 
S hellac 
Starch 
Stearic acid 
Carnauba wax, Beeswax, Spennaceti, Paranin wax 



solvent is accomplished by the disruption of the cohesive forces between the pol'rmer 

molecules. The  more crystailine the polymer, the greater the cohesive forces, resuiting in 
. . 

incieased difficulty to dissolve the polymer. hcreasing the solubility of ihe polyrner 

results in an increase in the apparent viscosity of the systeni. from the uncoiling and 

extension of the polymer molecules. Decreasing the aftiriity of the solvent for the 

polymer causes aggmgation and shrinkage of the polymer chain. reducing the apparent 

viscosity. 

A high viscosity may cause problems with certain techniques of 

microencapsulation. In spray coating, plugging of the noule and poor spray patterns \\.il1 

yield non-uniform coats around the cores, as weli as related mechanical problerns. Poor 

solubility of the polymer inhibits the full extension of the Iattice structure of the moIecule 

thus decreasing good film forming properties. If the concentrations are quitr low. 

increasing nurnbers of coating applications are required. 

Solvent mixtures cm irnprove dissolution properties as well as reduce the 

viscosity of the system in association with the concentration of the solid polymer.'6 The 

preferred solvent is one that has a low boiling point and heat of evaporation, so the 

process can be carried out at reduced temperatures and the solvent can be easily removed 

via evaporation. 

Most solvents that have these properties are non-aqueous based solvents, such as 

aromatic, chlorinated hydrocarbons, or alcohols. The use of these solvents has led to 

serious environmental and heath concems and b d s .  Chlorinated hydrocarbons are 

potentiaiiy carcinogenic, while other organics are extremely flammable or explosive. 

M o n i t o ~ g  the final product for residual solvents is essential to ensure the product is not 



adulterated. The cost of this process is usually higher due <O the higher purchase price 

and the cost of disposa1 of these solvents. Aqueous polymeric coating has been gaining 

popularity over the organic rnethod, as there is no risk of fire or explosion, the sokent is 

inexpensive, has Iowest toxicity, and is non-polluting. 

Table IV: Selected solvents used in microencapsulation. with physical data. 
Ref (56).  

Roiling H a  of Vqmr M M  IMinimum 
point evapo- prwure TLV odor Ignition Fiah tinam,ability 
(OC) al Evapodon ration at 2O"C ppm dtttction urnptr- point m g e  at 760 

Soivent 1013 mbar wDbd (JI@ (inbar) ( d m ?  (mgim') a t m  CC) ("Cl ion (vol I t  
- -- - - -. - - - - 

Ecb;uuil 78.3 8.3 855 60 1000 93 425 +16 3.5-i5.0 
Mdhanol 64.7 6.3 1102 128 200 3Iûû 508 t 6.5 5.5-26.5 
lsopmpanol 82.3 IL0 667 40 400 r& 634 t L S  2.0-ilii 
Aeetone 56.2 30 520 240 Io00 70 540 -19 2.5-1 3.0 
Dkhloromerhuic 40.2 2.0 32 1 475 100 550 605 No 13.û-22.0 
Trichiommetha~ 61.2 25 ?4? 2!C 19 IoOr - No ?lo 
Water 100.0 60.0 ab4 17.5 No Very high V q  high No No 

Finely divided colloidal dispersions are classified into two categories based on the 

production techniques: True latex or Pseudolatex. True latex is produced by emulsion 

polymerization of a monomer or a monomer blend, which is then emulsified in an 

aqueous medium with the aid of an anionic or nonionic surfactant. Polymerization is then 

induced by an initiator that functions by ftee-radical, anionic, or cationic polymerization 

mechanisms. True latexes are limited to synthetic polymers of liquid insoluble monomers 

that can be emulsified in water? 



Pseudolatexes c m  be prepared fiom any existing thennoplastic water insoluble 

polymer, such as ethylcellulose or cellulose acetate phthalate. The polymer is dissolved 

in a suitable organic solvent and emulsified in water utilizing either sodium iauryl sulfate 

or cetyl alcohol as a stabilizer. After homogenization. the organic solvent is svaporated 

until the dispersion contains 3ooh solid material. Both true latexes and pseudolatexes are 

coIIoidaI dispersions containing spherical soIid or semisolid particles of less than 1 pn in 

diameter, yielding a milky, opaque fluid. 

The advantages of these collodial dispersions are that water is the solvrnt and the 

varying lengths of the polymer chain has no effect on the extent of the apparent viscosity 

of the final product. Therefore the dispersion can be used at much higher concentrations 

than the corresponding solution using organic solvents. The disadvantagcs of aqueous 

coatings are the limited applicability due to the solubility, adhesivity, and stability either 

from the polyrner or the core material. Also the process requires more time during 

production when the solvent is being removed because of the high heat of vaporization of 

water compared to organic solvents. 

1.4.4. ADDITIVES 

There are many additives that c m  be incorporated into the solvent füm-former 

mixture to help improve the microcapsule's production, appearance, or plasticity. A 

plasticizer is added to a polymer to increase segmental mobility, impart flexibility, reduce 

brittleness, and to increase the resistance of the film coat to mechanical stress.48 The 

plasticizer reduces the cohesive forces between the polymer molecules by interposing 

itself in the polymer chain. Good plasticizers tend to have structurai features similar to 



the polymer they are plasticizing, which helps in the chernical association of the two 

species. 

An important prerequisite is that the plasticizer must be soluble in the same 

solvent system used for the film former. If not, separation of the two compounds may 

occur during evaporation of the solvent. Another property of plasticizers is in the ability 

to alter the permeability of a coating. Since the plasticizer is located in the interstices of 

the pol ymer, the addition of a hydrophilic plastic izer will increase the coat 's pemeability 

ro water, and the converse will occur following the addition of a hydrophobie plasticizer. 

Another additive is an "anti-tack agent. iised to reduce adhesion and fnction of 

the core material during coating. "Anti-tack" agents are usually fatty acids, such as 

stearic acid. 

Colorants enhancr the appearance of the product, and heip in identification. 

1.5. MICROENCAPSULATION TECHNIQUES 

1 .S. 1. COACERVATION/PHASE SEPARATION 

Coacervation or phase separation was one of the first techniques developed for 

microencapsulation of pharmaceuticals. It involves the induction of a colloidal dispersion 

to f o m  colloid-rich and colioid-poor regions by controlling temperature, pH, or 

electrolytes. The general process is outlined in Figure 14. There are two main types of 

coacervation, simple or complex. 

Simple coacervation involves the use of one colloid usually gelatin dispersed in 

water. During coacervation the removal of polymer associated water occurs by 



incorporation of agents with a higher afinity for water such as various alcohols and salts. 

The dehydrated colloid then aggregates with surrounding polymeric molecules to form 

the coacervate. The droplets collect on the surface of the drug corrs. follow&d by fusion 

of these droplets to fom a continuous layer. Hardening of the coat is accomplished bp 

the addition of fomaldehyde or other hardening agents. 

key 
cure 

0 O 
coacerv2 t e  

O O d r u ~ i e t s  
n - coating 

hardeaed 
CI ccaiirig 

Figure 14: Typical steps in a coacervation meîhod of 
microencapsulation. (A) Core particles dispersed in solution 
of polymer by agitation. (B) Coacervation visible as 
droplets of colloid-rich phase induced by one or more 
agents. (C) Deposition of coacervate droplets on surface of 
core particles. @) Mergence of coacervate droplets to form 
the coating. (E) Shrinkage and crosslinking of the coating to 
ngidize it as necessary. Ref (48) 

Gelatin coacervation is the most commonly used aqueous based process utilizing 

simple coacervation. m e r  materials include albumins, pectins, alginates, casein, agar, 

carboxymethylcellulose, and starchs. The limitation of the process is that water soluble 

wres cannot be used since the core would dissolve in the solvent during the coacervation 



process. Non-aqueous systems have been developed to allow water soluble cores to be 

encapsulated. The polymers 

vehicle. The disadvantage of 

used for non-aqueous coacervation must dissolve in that 

these systems is that non-aqueous solvents cah potentially 

reside in the particles after production. Ieaving trace residuals in the final product. 

Cornplex coacervation involves the  use of more than one colloid foming agent 

such as a gelatin-acacia mixture. The coacervate is formed from the interaction between 

two opposite charged polyelectrolytes. The interactions are usually induced by altering 

the pH of the medium to bring about ionization of the two polymer species. This charge 

neutralization results in the loss of bound water that in tum reduces the solubility and 

dispersabilit) of the colloids. The coacervates formed then undergo the same process as 

shown in Figure 14. Many other polyelectrolyte combinations can be used such as 

albumin-alginate. alginate-gelatin. and psctin-gelatin. 69, 70 

Coacervation whether simple or complex can also be used to encapsulate liquids 

as well as solids. A novel approach is the use of acacia-gelatin coacervates to 

microencapsulate liposomes to help protect their degradation by bile salts and facilitate 

their oral delivery." 

1.5.2. INTERFACTAL POLYMERIZATION 

Interfacial polymerization or polycondensation involves the polymerization of a 

monomer or several monomers at the interface of two immiscible substances. A water- 

in-oil or oil-in-water emulsion is made using a suitable surfactant. The dispersed phase 

contaios a monomer with the core material dispersed or dissolved. The continuous phase 

contains a monomer or a crosslinking agent, which is usually added d e r  the initial 



emulsion is formed. The particle size is controlled by the degree of emulsification of the 

dispersed phase. The degree of polymerization can be controlled by using difEerent 

monomers and crosslinking agents. 

The application of interfacial polymerization for commercial products has not 

received much attention mainiy because of the potential toxicity from any unreacted 

monorners and polymerization byproducts. Another problem with this sysreni is that die 

limitations on polymer selection are based on those compounds that can polymerize under 

the right conditions to produce a phannaceuticai product. 

1.5.3. SOLVENT EMULSIFICATION/EVAPORATION 

The main difference between solvenr evaporation and die first two 

microencapsulation techniques described previously is that the microspheres produced by 

solvent evaporation contai. primarily the dnig dispersed throughout a matrix. The other 

two techniques produce microspheres that are encapsulated by an additional coat. The 

former two techniques c m  be used to encapsulate liquids as well, whereas solvent 

evaporation methods cannot. 

The solvent evaporation process Uivolves the preparation of a solution of polymer 

and drug either dispersed or dissolved into a suitable low boilhg solvent. This solution is 

then ernulsified into a solvent that has a higher boiling point then the original dispersing 

solvent containhg the drug and polymer. Emulsifiers are usually added into the 

continuous phase to aid in the emulsification process, then the system is subjected to heat 

ancilor vacuum to remove the original dispening solvent. This results in a suspension of 

microspheres that can then be removed by fïitration or centrifugaton. 



The main disadvantage of this system is the use of organic solvents in the 

dispersion phase. Their low boiling points rnake them ideal solvents for this technique." 

Anbther technique also cal led solvent evaporat ion i nvolves dissolving the bolYmer and 

drug in a suitable solvent and evaporating [lie soivent. This results in a polyrner mass 

throughout which the drug is intimately dispersed. The rnass is then reduced to the 

desired particle size by cornminution. 

1.5.4. HYDROPHILIC AND HYDROPHOBIC CONGEALING 

The congealing process involves the conversion of a polymer from the sol to the 

gel state. This change can result fiom the cooling of a hot dispersion of the polymer. or 

chernical solidification. Hydrophilic or hydropliobic congealing defines the physical 

properties of the polymer. 

Hydrophobic congealing requires various waxes. fats, and oils (Table E). The 

drug is either dissolved or dispersed throughout the melted wax. The molten mixture is 

then dripped or poured into molds, which are rapidly cooled to solidifv the wax. A major 

requirement for this process is that the d m g  must be stable at the temperatures needed to 

melt the wax. The microspheres produced are pnmarily of the rnatrix type that can be 

bioerodible or inert depending on the material used for their production. 

Hydrophilic congeaiing utilizes polymers, which are soluble in water such as 

gelath, agar, agarose, starch, alginates, chitosan, and polyethylene glycol. The drug is 

dispersed into the colloid which is then dropped into a coolant, causing the colloid to 

congeal. The coolants are usually liquids cooled below the colloid's sol-gel transition 

temperature and shodd not dissolve the dmg or the colloid. 



Typical coolants are petroleum ether, ethyl acetate, and mineral oil. Alginates and 

chitosan are sols that undergo spontaneous ionotropic gelation instead of requiring sudden 

temperature changes to induce geiation. Chitosan is a polysaccharide den~ed fiom chitin. 

which is found in many shellfish and various insects. It undergoes gelation when exposed 

to multivalent anions such as tripolyphosphate.7J it can also be gelled when exposcd to 

low pH. 75.76 

Alginate is extracted from giant brown seaweed such as iI.lacrocysitis pyrifer~i afid 

also from horsetail kelp like Laminriria digitata. A very important property of the 

alginates is that they are known to be nontoxic when taken orally. since alginates are used 

widely in the food and phannaceutical industry as thickeners and stabilizers. Alginate is a 

linear polysaccharide comprised of alternathg 1, 4 linked residues of p-D-mannuronic 

(M) and a-L-guluronic acid (G). These residues form two kinds of homopolymeric 

blocks - MM and GG - and one heteropolymenc block - MG." These blocks are then 

organized in random order into a chah where their proportions Vary with source and state 

of maturation of the plant (Figure 15). Sodium alginate is the water soluble sodium salt 

of alginic acid. Sodium alginate can undergo gelation in the presence of divalent metal 

ions, such as banum, strontium, calcium, or rnagnesium. 

The main site for ion binding in alginates has been detemiined to be the GG- 

blocks. The conformation of the GG-blocks seems to dlow easy access for ions to 

interact compared to the other blocks (Figure 19.'~ The MM and MG blocks do interact 

with the ions, but not as strongiy as the GG bloclcs?' When the alginate strands interact 

with a divalent ion, such as calcium, strontium, or barium, significant inter and intra- 



chah binding occurs. This has lead to the "egg box" mode1 of CO-operative binding 

.between alginate suands (Figure 16). -'J 

n i e  production of alginate gels for phannaceutical purposes has been mainly 
, \ 

concentrated on calcium induced gelation, probably because of the potential toxicity with 

strontium or barium ions. The addition of calcium ions to a solution of sodium alginate 

- - 
results in an ion exchange, with the calcium ions displacing the sodium ions.'' The ion 

exchange is govemed by the equilibrium: (Alg = uronic acid residues) 

2NaAIg + ca2* o CaAlg? - :Na- 

This results in the formation of calcium alginate beads. Calcium alginate beads undergo 

pH sensitive reswelling in more basic incdium and thus can help protect acid labile drugs 

fiom the low pH environment of the s t o r n a ~ h . ~ ~  At low pH values the alginate gel is 

insoluble because of the nonionized carboxylic acid groups which prevent 

s~lubilization.~' As the pH increases to a more alkaline level, such as that in the 

intestines, alginate undergoes a base catalyzed B-elimination rea~tion.~'." This 

hydrolysis results in water entry to facilitate sweliing of the xerogeis and eventually the 

erosion and disintegration of the bead. 

The production of calcium alginate beads begins with the preparation of a sodium 

alginate solution. This is the step for incorporation of any dmg or substances needing 

entrapment in the gel. Next the gelling solution is prepared, usually a solution of calcium 

chloride, although calcium acetate or any source of calcium ions may be used. The 

alginate solution is then placed in a syringe, pipette, or any device, which is capable of 

administering the alginate to the gelling solution in a &op wise rnaoner (Figure 17). 
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Figure 15: Schematic formula of alginate. (A)  polymannuronate (B ) 
polyguluronate (C) poly(mannuronosyiguluronate) sequences. 
Ref (78) 

Figure 16: Schematic representation of "egg box" co-operative binding. 
Ref (78) 



Due to the highly viscous nature of the alginate solution, some extemal force is required 

to push the alginate solution through these devices, as the force of gravi. is usually not 

suficient. Forces used include air pressure, or plunger type syringes. 

Once the alginate is flowing in a drop wise manner, the gelling solution is gently 

stirred. Ln the calcium bath. the alsinate sphere instantly exchanges Na-  for rhs ~ a ' *  ions. 

A white opaque border surrounding each transparent core can be obssn-ed as this 

occurred. As the sphere is allowed to reside in the bath, diffusion of calcium ions into the 

core of the bead eventually tums it completely white and opaque. This is a result of the 

ion exchange gradient set up by calcium ions penetrating the alginate matrix. The beads 

are allowed to cure in the gelling bath, then removed by filtration and rinsed to remove 

an- uireacted calcium. They are allowed to dry and eventually form hard. irregularly or 

spherically shaped beads. 

Calcium alginate beads were selected for study in this project because they are 

relatively easy to produce. composed of non-toxic material, and have an aqueous based 

production. Furthemore, their release properties exhibit an inherent cnteric release 

without hirther coating, and facilitate a prolonged release of encapsulated dnigs. 



- SODIUM ALGINATE 
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7 CALCICM ION BATH 

Figure 17: Schernatic representation of the apparatus used to prepare calcium 
alginate beads. 



1.6. HYPOTHESIS 

The orally active iron chelator, DMHP, will be incorporated into calcium alginate 

beads to help facilitate a prolonged release. 

nie objectives of this study are as follows: 

1 . Assess a rnethod for producing calcium alginate beads. 

2. Evaluate production parameter changes, such as viscosity grade and concentration of 
sodium alginate. addition o f  additives. curing time. and drying temperature. 

3.  Characterize the morphology, size, shape, as weli as the release patterns of calcium 
alginate beads in acidic and basic dissolution medium. 



CHAPTER I I  

EXPERTMENTAL 

2.1. MATERIALS AND EQUIPMENT 

2.1.1 MATERIALS 

1. Sodium alginate low. medium, and high viscosity grade, Sigma Chernical Co. (St. 
Louis, MO, USA) 

2. Citrus pectin, N.F. Pharmaceutical grade. S. B. Pemick and Co. @-eu. York) 

3. 3-Hydroxy-2-methyl-4-pyrone (Maltol), Sigma C hemical Co. (St. Louis. MO. USA) 

4. Methylamine (40% aqueous solution), Mallinc krodt h c .  (Paris, Kentucky. USA) 

5.  Calcium Chloride dihydrate, Mallinckrodt Inc. (Paris. Kentucky, USA) 

6 .  Potassium Chloride, Mallinckrodt Inc. (Paris, Kentucky, USA) 

7. Hydrochloric acid, Baxter Corporation (Toronto, Ont. Canada) 

8. Sodium Hydroxide, Mallinckrodt Inc. (Paris, Kentucky, USA) 

9. Ethanol95%, Fisher Scientific Co. (Fair Lawn, New Jersey, USA) 

10. Potassium phosphate (monobasic), Mallinckrodt Inc. (Paris, Kentucky, USA) 

1 1 . Sodium phosphate (dibasic, anhydrous), Mallinclcrodt Inc. (Paris, Kentucky, USA) 

12. Propylene Glycol, Mallinckrodt Inc. (Paris, Kentucky, USA) 



13. Activated Charcoal (acid washed), Sigma Chemical Co. (St. Louis. MO, USA) 

14. Phosphoric acid, Mallinckrodt Inc. (Paris, Kentucky, USA) 

15: Potassium hydroxide, Mallinckrodt hc. (Paris, Kentucky, USA) 
I 

16. Hydroxypropylmethylcellulose (HPMC), E 1 OM. A gifl fiom the Dow Chemical Co. 
(Midland, Michigan. USA) 

17. Empty hard Gelatin capsules sizes 00. 0, 1, 2, and 3 T.U.B. Enterprises, (Nonh 
Augusta, ONT.) 

2.1.2. EQUIPMENT 

Coming hot piats magnetic stirrer, Coming Glass Works (Coming. New York, USA) 

Fisher Accumcr pH meter, model 600. Fisher Scientific Company (Fair Lawn. New 
Jersey, USA) 

Six unit Dissolution testing apparatus with gold plated USP dissolution test baskets. 
Vander kamp 600: Van-Kel Industries, (New Jersey, USA) 

UV-Spectrophotometer, Shirnadzu model W- 160, Shimadzu Corporation, (Kyoto. 
Japan) 

USP standard sieves, Endecotîs (test sieves) Limited. (London, England) 

Oven, Precision Scientific Co. mode1 70 and 4. (Chicago, LI USA) 

Balance, Mettler AE 160. (Zurich, Switzerland) 

Rotavapor, Buchi Laboratoriums-Technik AG, Switzerland 

Propeller Type stirrer, Precision Scientific Co., (Chicago, IL, USA) 

10. Centrifuge, IEC HN-SII, International Equipment Co. (Needham, MA, USA) 



2.2. METHODOLOGY 

2.2.1. SYNTHESIS OF 1J-DIMETHYL-3-HYDROXYPYRID-CONE 
r 

, The synthesis of 1,2-dimethyl-3-hydroxypyrid-4-one ( D M W )  was adapted From 

S-I 
the method published by Kontoghiorghes and Sheppard (Figure 18)- in a large round 

bottom flask, 75 g of malt01 (3-hydroxy-2-methyl4-pyrone) was dissolved in 1.5 L of 

several boiling chips. The mixture was refluxed for 6.5 h not including heat up time. 

Figure 18: Schematic representation of DMHP synthesis. 

The resulting brown solution was allowed to cool to 40-50*~, then 3-5 g of 

activated charcoal was added and it was allowed to stand for 30 min. The slurry was then 

filtered using a buchner funnel assembly to remove the charcoal. The volume of the dark 

brown filtrate was reduced to -200 mL by evaporating at 70% under vacuum using a 

rotary evaporator. The brown solid that precipitated out fkom the concentrate waç filtered 

and saved in a separate beaker. The rernaining filtrate was reduced even M e r  using the 



rotary evaporator followed by the precipitate being filtered off. This process was 

continued until al1 the filtrate was removed. The brown solid was collected and 

repeatedly crystallized in hot deionized water until white needle shaped drystals were 

obtained. The crystals were then dried to constant weight in a hot air oven at 1 10@C The 

purity of DMHP was monitored by determining the melting point for each batch. A 

random batch was subjected to NMR analysis to confirrn the structure and purity of the 

DMHP. 

2.2.2. PREPARATION OF DISSOLUTION MEDIA 

2.2.2.1. KCI-HCI BUFFER SOLUTION (pH = 2.0) 

To 1.3 L of a 0.3 b1 HCI solution was added 74-55 g of KCI. When the KCI was 

dissolved the solution was made up to 20 L with deionized water. The pH was checked 

and adjusted to pH = 2.0 as required with either concentrated HC1 or concentrated KOH 

solutions. 

2.2.2.2. PHOSPHATE BUFFER SOLUTION (pH = 7.4) 

The two salts, 35.73 g of monopotassium phosphate and 152.07 g of disodium 

phosphate anhydrous were weighed and dissolved in -15 L of deionized water. The 

resulting solution was then made up to 20 L and the pH checked and adjusted to 7.4 as 

required with either concentrated phosphonc acid or a concentrated solution of NaOH. 



2.2-3. SPECTROPHOTOMETRIC ANALYSIS OF DMHP 

A stock solution of DMHP (10 &) was prepared in each buffer. Serial dilutions 

were done to achieve a concentration range of 1 - 20 pg/mL. Using a 1 mL: 1 frn path 

length quartz spectrophotometer cell, the absorbance of DMHP was deterniined at a hm, 

= 278 m in phosphate buffer pH = 7.4 and A,, = 271 nm in HCl-KCl buffer pH = 2.0. 

The data was plotted and fitted using linear regression. The linear reprsssion equation 

was determined for DMHP in phosphate buffer pH = 7.4 and HCI-KCI buffer pH = 2.0 

for the purpose of quantifying unknown concentrations of DMHP. 

2.2.4. PWPARATION OF CALCIUM ALGINATE BEADS 

in a 250 inL beaker sufficient DMHP was dissolved in 200 mL of deionized water 

to yield a €mal concentration of 15 mg/mL. Sodium alginate was added to the DMHP 

solution to yield a concentration of 1%, 2%, 2.5% w/v medium viscosity grade (-3500 

cps), or 3%, 3.5% w/v low viscosity grade (-250 cps). Table V displays the various 

formulations prepared. The dispersion of the alginate was achieved using a propeller type 

stirrer whose efficiency was not affected by the range of viscosities of the various alginate 

grades and concentrations. 

A 1 L solution of 15 mg/mL DMHP was also prepared, 500 mL was placed in a 

separate beaker for a rinsing solution and the other 500 mL was used as the curing 

solution. To the curing solution, CaClz was added to give a concentration of 4 %w/v. 

The solution was put into a large flat bottom glas container containhg a magnetic stir 

bar. The solution was gently agitateci by placing the container on a magnetic stirrer. 



The alginatemMHP solution was added into the curing solution with the aid of a 

peristaltic pump flowing through size 16 tygon tubing and dripping out a 1 mm 1.d. glass 

dropper. The dropper was positioned -30 cm above the curing solution ahd the drops 

were positioned to fa11 away fiom the swirling center. Acceptable dnpping was achieved 

when there was a uniforrn spherical bead falling fiom the glass dropper. The 

alginate/DMHP solution dnpped until al1 was added, this took on average 8 min. 

Gentle agitation was continued for an additional 15, 30, 45, or 60 min. to ailow 

bcads to cure further. After curing. the beads were removed from the bath by filtering 

through a Buchner funne1 apparatus. The beads were then rernoved and placed in a 

beaker to which 250 mL of the 15 mglmL rinsing solution of DMHP was added. The 

beads were agitated using a glass stimng rod to facilitate rinsing of the beads to remove 

unreacted calcium ions. This was done for 1 min. at which time the beads were filtered 

again and the rinsing process repeated one more time. 

Surface rnoisture was removed by placing the beads between two sheets of paper 

towel and gently patting dry. The beads were then split into two equal portions by 

weight. One portion waç tray dried at 4 0 ' ~  and the other tray dried at 6 0 ' ~ .  Both 

batches were dried for 24 h. The beads were harvested separately and sieved through 

USP standard sieves to remove surface DMHP and characterize the size distribution. 

This method was used except for modification by the incorporation of various additives. 

A List of the various formulations produced is given in Table VI. 

Pectin 1,2, or 3% w/v was added to 200 mL of a 15 m g M  DMHP solution and 

dispersed. The pH was then adjusted to 10 using concentrated NaOH to ionize the pectin. 

Low viscosity grade sodium alginate was then added to give a final concentration of 3% 



w/v. The same procedure was used previously for bead preparation except that only the 

60 min curing time was used. 

As another additive, 20 mL of propylene glycol was added to a 200 d DMHP 15 

mg/rnL soiution followed by low viscosity grade sodium alginate to give a concentration 

of 3% wiv. The beads were prepared as described previously. but only allowed to ciire 

for 30 min. 

A slightly rnoditied method was used when HPMC E IOM was incorporated into 

the beads. The required amount of DMHP was weighed out to give a 15 mg/mL solution 

in 200 mL of deionized water. One hundred rnL of boiling water was used to dissolve the 

DMHP €kto then HPMC ElOM was added to give a concentration of 0.5% w/v in 200 

mi,. The mixture was stirred using a propeller srpe stirrer until the HPMC had 

completely dispersed. Then 100 ml of deionized water chilled to 4 ' ~  was added to 

facilitate the dissolution of the HPMC. The mixture was allowed to stir for 20 min. 

before sodium alginate (low viscosity grade) was added to give 2 or 3O/i1 w ~ .  

concentrations. Once al1 the ingredients were cornpletely dispersed, the solution was 

allowed to cool to room temperature and to permit the air bubbles to dissipate. The beads 

then were prepared as before except curing was done for 30 or 60 min. time periods. 
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Table V: Composition of formulations prepared TV=; ). 

Formulation No. Composition Curing Time 
(min.) 

1% W/V alginate (med) 
1 Oh LW alginate (rned) 
1 W/V alginate (rned) 
1 9/0 W/V alginate (rned) 
WO w h  alginate (med) 
I % w k  alginate (rned) 
2% w'v alginate (rned) 
2% w!v alginate (rned) 
7 O i 0  W:V alginate (rned) 
2% mr/v alginate (rned) 
2% ~dv  alginate (rned) 
7?h W/V alginate (rned) 

2 -5% w/v alginate (med) 
2.594 w/v alginate (med) 
la9 O wlv alginate (rned) 
2.596 w/v alginate (rned) 
2.5% w/v alginate (rned) 
2.590 d v  alginate (rned) 

3% wjv alginate (low) 
3% w/v alginate (low) 
3% W/V alginate (low) 
3% w/v alginate (low) 
30'0 WIV alginate (low) 
3% W/V alginate (low) 

3 -5% w/v alginate (low) 
3 -5% w/v alginate (low) 
3.5 % w/v alginate (low) 
3.5% w/v alginate (low) 
3 -5% w/v alginate (low) 
3.5% w/v alginate (low) 

Drying 
Temp 

- - ( . O C )  

30 
60 
40 
60 
40 
60 
40 
60 
40 
60 
40 
60 
40 
60 
40 
60 
40 
60 
40 
60 
40 
60 
40 
60 
40 
60 
30 
60 
40 
60 

Legend: Numben 1 to 5 refer to the sequential increase in alginate concentration. Curing 
times of 15,30, and 45 min. are designated as a, b, and c respectively. The 
drying temp is 4 for 40°C and 6 for 60°C. 



Table VI: Composition of calcium alginate beads with the addition of additives (N=3). 

Formulation No. Composition Curing Time , DWiW 
(min-) Temp 

(OC j 
6a 3% W/V alginate (low) 60 40 

-+ 1% W/V pectin 
6b 3% W/V alginate (iow) 60 60 

;- 1 %  w/v pectin 
7a 3% w/v alginate (low) 60 30 

- 2% W/V pecfin 
7b 3% w/v alginate (low) 60 60 

+ 2% w/v pectin 
8a 3% w/v alginate (low) 60 40 

- 3% wlv pectin 
8b 3% w/v alginate (low) 60 60 

- 3% W/V pectin 
9a 2% WIV alginate (low) 30 40 

+ 0.5% ElOM HPMC 
9b 2% W/V alginate (Iow) 30 60 

- O.jO/O EI OM HPMC 
9c 2% W/V alginate (low) 60 40 

+ 0.5% EIOM HPMC 
9d 2?/a w/v alginate (low) 60 60 

+ 0.5% ElOM HPMC 
10a 3% W/V alginate (Iow) 30 40 

+ 0.5% ElOM HPMC 
lob 3% w/v alginate (Low) 30 60 

+ 0.5% ElOM HPMC 
1 la 3 % wlv alginate (low) 30 40 

+ 20 mL propylene glycol 
1 l b  3% w/v alginate (low) 30 60 

+ 20 mL propylene glycol 



2.2.5. PRODUCTION YIELD 

The yieid of caicium alginate bead production was detemined using the following 
r 

equation: 
, '* 

Total weight of beads after drying at 40 or 60 ' C 
%Yield = x1 O0 

( ~ o t a l  weight of ingredients '1 
-- - A .  - ---- 

The total weight of the ingredients 

additives. Since the beads were split 

2 j 

is the sum of the alginare. DbLHP, and/or an'. 

into two equal portions by weight. it was assurneci 

that half of the ingredients would be incorporated into each portion. The weight of the 

dried beads after sieving was detemined for the two drying temperatures. 

2.2.6. m I G H T  FRACTION AFTER CURING 

Twenty drops of the alginate-DMHP solution were collzcrsd in mid Stream of 

dripping and weighed. This weight is designated w,, or the original weight of the beads 

before curing. The rest of the solution was allowed to drip into the curing solution and 

remain there for the designated tirne. The beads were removed from the curing solution 

and rinsed according to the process described previously. Twenty hydrated beads wsrr 

removed before the dryuig process in the ovens, and weighed. This weight is designated 

w,, or the weight of the beads at the set curing t h e  of 15, 30, or 60 min. The weight 

fraction is determined by the following equation: 

wt 
Weight Fraction = - 

wo 



22.7.  PERCENT WEIGHT LOSS ON DRYING 

The weight loss of the calcium alginate hydrogels after drying was measured by 
r 

comparing the total weight of the hydrated beads to the total weight after drying at the 

two different drying temperatures. Only formulations 1 through 5 cured for 45 min. were 

cvaluated for rlit. comparison. Equation is as follows: 

Weight of dry beads ' -(Wei@ of hydrated beads 

2.2.8. UESIDL'AL WATER CONTENT 

Shonl>- aster bcing tray dried at 4 0 ' ~  or 6 0 ' ~ .  hventy dried beads fkom each batch 

sontainitip DPII f 1 P \vue weighted separately. Gravimetric analysis was performed or1 

tliese beads afier t l i q  were dried at 1 1 jUc to constant weight 

2.2.9. ENCAPSULATION EFFICIENCY 

A suitable quantity of calcium alginate beads (-350 mg) were dissolved in 200 ml 

of pH 7.3 phosphate buffer with agitation for 21  h. The resulting solution was 

centrifuged, and then an aliquot of the supernatant was diluted and the concentration of 

DMHP measured spectrophotometrically at 278 nm. This was done for batches of beads 

dried at 4 0 ' ~  and at 6 0 ' ~  for 24h. Since the beads were split into two equal portions by 

weight, it was assumed that halfof the original amount of the DMHP would be with each 

portion. The following equation was used to determine the percent encapsdation: 



Encapsulation was also compared as a hinction of yield. termed percent J rug  

loaded by comparing the amount of DMHP in the beads to the total weight of the beads 

drièd at 40 or 6 0 ' ~  for 24h. 

1-3-10. DISSOLUTION STUDIES 

Dissolurion tests were conducted using the CSP apparatus $1  (basket) in 900 ml 

of KCI-HCI pH 2.0 buffer and 900 mL of phosphate buffer pH 7.4. .A bead weight 

equivalent to 60 mg of DMHP was arbitrarily chosen and placed in a suitable size -latin 

capsule. Dissolution was tested ovrr a 6 h penod at a stirring rate of 50 rpm and a 

temperature of 3 7 ' ~  k O. I'C. A rample size of 0.5 ml was withdrawn from the ce11 at 

pre-dcterniined intemals and analyed spectrophotometrically at 378 nm for pH 7.4. and 

at 274 nrn for pH 2.0 to meastire DMHP concentration. 



CKAPTER n r  

RESULTS AND DISCUSSION 

3.1. QUALITY CONTROL AM) SYNTHESIS OF DMHP 

The yield from the DMHP synthesis process ranged from 40-55?'0. Analysis of 

periodic batches by 'H-NMR (300 MHz, D20,  HOD 1.63) confirmed the structure of 

DiMHP (Figure 19); 6 2.35 (3  H. s, ?-CH3). 3.70 (3  H. S .  1-CH3). 6.36 and 7.18 (2 H, Abq 

J 7 Hz, H-5 and ~-6) . ' '  The melting points of the various batches ranged from 267- 

2 7 0 ' ~ .  which is consistent rvith the literature value of 266-268°~ .30  

3.2. CALIBRATION CURVES FOR DMHP 

Calibration curves of DMHP over the range of 1-20 pg/mL obeyed Beers law in 

both phosphate and KCL-HCL buffers (Figure 20). Linearity was very reproducible fiom 

different batches of DMHP. Regression analysis provided the following equations that 

were used to determine unknown concentrations o f  DMHP: 

Phosphate pH = 7.4 Y = 0.089X + (-0.008) = 0.9999 

KCGHCL pH = 2.0 Y = 0.05X + 0.0024 8 = 0.9999 





. . . . , . . . . , . . , ' . '  ' . ,  . . . . , " I 

O 2 4 6  8 10 12 14 16 18 20 22 2 4  

Conc. o f  DMHP (pg/rnL) 

Conc. of DMHP (pg/mL) 

Figure 20: Beers plot of DMHP in A) phosphate pH=7.4 and B) KCL-HCL pH=2.0 
buEer. 



3.3. FORMATION OF CALCIUM ALGINATE BEADS 

A very important factor to consider during the incorporation of DMHP into 
f 

calcium alginate beads is whether or not it binds to the calcium ions during production. 

In vitro and in vivo work have demonstrated DMHP's specificity for iron and it's low 

affinity for calcium ions. 19.3 1-37 The assurnption was made that any binding of calcium 

wirh DMHP wil1 be negligible. 

A concentration of 15 mg/mL DMHP was chosen, as higher concentrations 

exceeded the aqueous solubility and resulted in precipitation. TO avoid any concentration 

gradient developing in the curing bath or in the rinsing solution. the same concentration 

of DMHP was added to both. This rninimized m y  loss of DMHP out of the beads due to 

difision while the curing or rinsing process is taking place. Ostberg and Graffiier found 

a 100-200% increase in encapsulation efficiency when the curing and rinsing solution 

were saturated with the dnig being inc~r~ora ted .~ '  Patting the beads dry with paper 

towels helps to remove an?- surface DMHP solution. This prevents DMHP crystal 

formation on the surface of the bead during the drying process. 

Using higher concentrations of sodium alginate or grades with higher viscosity 

caused plugging of the dropper tube or improper drop formation. Therefore oniy two 

viscosity grades, medium and low, at maximum concentrations of 2.5% w/v and 3.5 % 

W/V respectively could be used in these formulations. Incorporation of the various 

additives aiso produced some increase in the viscosity of the solution. A peristaltic pump 

apparatus was the most efficient method to deliver the alginate solution with or without 

additives at the various concentrations. 



lJpon contact ~vith the calcium chloride soltition. the sodium alginate drops 

instantly exchanse Na- ions for cal' ions. Visuall  one can see a white opaque border 

surrounding a transparent core where this occurs. Once the beads cunng 

hydrated beads are round and opaque with no visual signs of DMHP 

surface. 

is cornpiete the 

crystals on the 

3.4, YIELD AND ENCAPSULATION EFFICIENCY 

Table VI1 summarizss the yields of the production methods and the encapsulation 

sffïciencies for the vanous formulations. The yield varied from 67 - 1 O 5 O . 0  for beads 

dried at 40'~ and 76- 1 0 1 ?L when dned at 60'~. A 100 O,% yield would theoretically be 

espected to result in an ençapsulation of 100°,o. The added weight ma' arise from 

residual water in the beads as the yield does not taks into account the water content nor is 

it corrected for it. No disceniable pattern can be srrn in the yield whsn coniparing the 

alginate concentration or dry-ii~g ternperatures. 

The encapsulation efficiency (EE) based on theoretical input ranged from 12 - 

75%. Beads dried at 40'~ usually had lower EE then beads dried at 60'~. .4n exception 

was the beads prepared with pectin (formulations 6a,6b,7a77b,8a,8b), which had similar 

EE's at the two drying temperatures. The appearance of DMHP crystais that were easily 

rernoved fiom the surface of beads drkd at 40'~ foilowing sieving may contribute to the 

low EE. At 60°c, DMHP formed cakes on the bead surface that were not easiiy removed 

by sieving in formulations 1-5 (including al1 subunits) this may have contributed to the 

increase in EE and percent dmg loaded. Furthemore, an increase in the alginate 



concentration in formulations 1-5 produced an increase in the EE. The presence of more 

alginate strands seerns to improve the entraprnent of DMHP in the bead matrix. 

Very high EE-s were obtained with formulation 6a, 6b, 7a, 7b, 8a, ahd 8b and the 

beads did not have any surface caking of DMHP after drying. Here the increase in EE 

can be explained as a result of the tightening of the bead lanice when pectin undergoes 

ionotropic gelation along with the alginate. A slight increase of EE was also obsened 

with increasing amounts of pectin. High EE's were also seen when HPMC was 

incorporated into the beads (formulations 9-10 hcluding subunits) and dned at 6 0 ' ~ .  

The lower EE's at 40" was due to crystals of DMHP forming on the surface of the beads 

after drying which were easily removed by sieving. No crystal clurnps formed on the 

beads dned at 6 0 " ~ .  

Another loss of DMHP in addition to that caused by drying at 4 0 ' ~  is the eKect of 

the curing step. WhiIe the beads cure they contract. This is brought about by the 

interaction of alginate with calcium. This contraction causes the expulsion of interior 

water and the DMHP that is dissolved in that water. Thus an encapsulation efficiency of 

LOO% is diEcult to achieve for this system when the drug is soluble in the aqueous 

medium. 

3.5. SIZE DISTRIBUTION AND MORPNOLOGY 

After drying, beads prepared with 1% sodium alginate medium viscosity achieved 

an irregular shape. The other sodium alginate concentrations with or without the various 

additives formed smooth-spherical beads. Bead color was a medium dark brown with 

white specks throughout representing the DMHP dispersed in the ma&. The fiactions 



of increasing bead size seems to increase proportionally with increasing amounts of 

alginate, with the majority being > 12 mesh starting at 2.0 % sodium alginate (Figure 2 1, 

22, 23). There does not seem to be any significant difference in the s i z io f  the beads 

when dned at the two different ternperatures. 

Beads dned at 4 0 ' ~  always had a coating of DMHP crystals. which was easily 

removed after sieving. The beads dried at 6 0 ' ~  formed a continuous coat of DMHP 

crystals and only some of it could be removed during sieving. However, most of tliis 

surface coat of DMHP on the beads could not be easily removed. The presence of DMHP 

crystals on the surface seemed to occur more with beads formed using a lower 

concentration of sodium alginate. Also. when additives such as pectin or HPMC were 

added there was very little DMHP coating or individual crystals on the surface of the 

beads. When the beads were dried at 30°c, the migration of the interior water to the 

surface brought DMHP to the surface causing the formation of crystals. When the beads 

were dried at 6 0 * ~ ,  the faster evaporation of the water afier migration to the surface 

caused the formation of a solid coat of DMHP crystals. 



T:ihle V i l :  j-icl~i :ilid encapsidation effkiency of the various fomiulations. 

(?/o)Yield Amt of DMHP(mg) EE (%) % Drug loaded 
Form. 
No: 

1 a 
I b 
I c 
2a 
2b 
? 
-1 

3, 
3b 
3,  
-4a 
4b 
4c 
5a 
5 b 
5c 

6a7 b 
7a-tb 
Sa+b 
9,-b 
9c+d 
1 O a ~ b  
1 la*b 



1 

:O> 12 mesh 12/16 mesh 19 16/22 mesh i 

Formulation 

Figure 21: Size distribution of formulation 1-3. All prepared with 1%, 2% or 2.5% 
medium viscosity sodium alginate respectively. Curing time was 15, 30, or 
45 min. (a, b, or c respectively). Drying temperature was either 40°C or 60°C 
(4 or 6). 



l 

ILI> 12 mesh El 12/16 mesh N 16/22 mesh 

Formulation 

Figure 22: Size distribution of formulation 4 and 5. AU prepared with 3% and 3.5% low 
viscosity sodium alginate respectively. Curing time was 15, 30, or 45 min. (a, 
b, or c respectively). m g  temperature was either 40°C or 60°C (4 or 6) .  



n> 12 mesh H12/16 mesh Ni6 /22  mesh 

a 6b 7a 7b Sa 8b 9a 9b 9c 9d 10a lob I la  1 l b  

Formulation 

Figure 23: Size distribution of formulations 6-1 1. Formulations represent the addition of 
additives. See Table VI page 64 for legaid on the various fomulations. 



3.6. WEIGHT FRACTION AFTER CtrRING 

in the formation of microspheres, the process of alginate gelling involves the ion 

exchange of sodium ions for calcium ions. This occurs instantaneously when the alginate 

bead cornes into contact with the calcium ion bath. -4 spherical bead is fornled, and the 

rate of calciurn reacting with the sodium alginate can be monitored by observing the 

white opaque surface surrounding the transparent core. This border sIowl>. thickens as 

the calcium ions penetrate into the interior of the bead as the calcium reacis. As the 

gelling process occurs, water and solutes dissofved in it will be forced out of the interior. 

This was seen by Ostberg and Grafher who reported an increase in the calcium ion bath 

volume of between 1 5 - 50 rnL after removal of the beadss5 Therefore it is suggested that 

when bead curing is complete that the weight of the bead should be constant.sfJ Figure 21 

shows the weight hction of formulations 1 through 5.  A very small decrease in the 

weight fraction occurs throughout curing times ranging from 15 to 45 min. From these 

results it cm be assurned that the beads achieve hill curing by 45 min. Curing times of 60 

min. were therefore used with subsequent formulations to provide a safety margin to 

ensure al1 beads were completely cured before removal. 

3.7. PERCENT M I G - H T  LOSS ON DRYRVG AND RESIDUAL 

WATER 

In figure 25 is shown the graph of the weight loss on drying as a fûnction of 

alginate concentration. The weight loss was inversely proportional to the alginate 

concentration. The beads dried at 4 0 ' ~  should no difference in weight loss than when 



dried at t d ' ~ .  The resiilts following 15 and 30 min. C U ~ ~ J  times yielded similar weight 

losses (data not sliown). This suggests that beads achieved similar weights afier drying at 

I 

the two different temperatures. Surface DMHP crystals were easily rernoved h m  rnost 

formulations dried at 4 0 ' ~  but DMHP cakes fiom 60'~ were not, s o  these cakes may 

contri bute added to the bead weight, thus the percent loss may have been higher at 6 0 ' ~ .  

m 
i Formulation 

x Formulation 2ri.Zb.2~ 

x Formulation 3a.3 b,3c 

A Formulation 4a.-lb,3c 

Formulation 5a.jb,5c 

O 5 10 15 20 25 30 35 40 45 50 55 60 

Curing Time (min.) 

Figure 24: Weight hction of beads after curing. 



x 40 degrees 
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O 60 degrees 
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% w/v Sodium alginate concentration 

Figure 25: Percent weight loss after drying of alginate beads 



The gravimetric analysis o f  d&d beads provides information about the degree of 

water hydration afier the beads have dned. Table Vm shows the results for the 

fomulations after drying at 4 0 ' ~  and 60°c. Beads dried at 4 0 ' ~  c o n t a k d  a hi&sr 

percentage o f  water of hydration than beads dried at 60°c, and the amount o f  hydration is 

independent of the alginate concentration. 

Table VIII: Gravimetric analysis data 

Fomulat ion No. Drying Temperature (OC) % loss on w i n g  



Table VI11 con't: Gravimetric analysis data 

Formulation No. Drying Tempe rature (OC) % loss pn dryïng 



3.8. I N  VITRO DISSOLUTION TESTING OF ALGINATE BEADS 

The U.S.P. guidelines for dissolution testing of rnodified release drug delivery 
r 

systems requires the testing in a low pH medium for 2 h. followed by testing in a higher 

pH medium.38 This procedure simulates the entry and residence of the delivery system in 

the stomach followed by emptying into the intestines. When the calcium alginate beads 

were tested using this protocol. release in pH = 7.0 buffer was vimially 100°h within 20 

min. Thrrefore the release profile of the beads could not be determined using the U.S.P. 

protocol. The release rate was therefore characterized individually in media at the low 

and high pH values. 

The release of the DME-fP fiom calcium alginate beads with no additives in 

pH=l.O HCI-KCl buffer is shown in Figures 26-3 1. Visual observation of the beads after 

the six hours of dissolution testing revealed that the beads were not swollen and remained 

intact and were still very fimi. There was no difference in the release rate with respect to 

alginate concentration, curing time, or drying temperature for the five formulations when 

compared to DMHP powder alone. There are two reports demonstrating cracks and 

fissures in the alginate bead structure. 8s*86 These fissures and cracks are probably the 

cause of DMHP's fast release, as the dissolution medium is allowed to penetrate the bead 

and dissolve the DMHP. Since the DMHP molecule is very small and water soluble, the 

pore size does not exhibit any occlusive properties in preventing the d f i s i o n  of DMHP. 

Pfister et al observed a fast release pattern of highly water soluble compounds in dried 

calcium alginate matrices compared to low solubility compounds." The release of 

indomethach in low pH was negligible as the cornpound is not soluble at low pH, even 

though it is a relatively smaii r n o l e c ~ l e ~ ~  Furthermore, a large compound such as blue 



dextran (mw = 2 000 000) which is moderately soluble in water. displayed a release of 

only 10-30% in pH=1.2 b a e r  as it is to large to diffuse through the pores and cracks of 

die dry alginate r n a t r i ~ . ~ ~  The goals of a prolonged release delivery sys t ed  is to.-provide . 
minimal release in the stomach, and provide a sustained release as it transcends the 

intestines. Thus compounds with high solubility andor  low molecular weight can not be 

retained from releasing initially in the stomach even though the bead matrix does not 

swell or erode here. 

in pH = 7.4 phosphate buffer, the beads appeared to swell shonly after contact 

with the medium. As the dissolution continued. the beads slowly eroded until there was 

no solid remaining in the basket after the six hours. In figures 32-37. the release patterns 

of DMHP encapsulated calcium alginate beads in phosphate bufEer pH = 7.1 are shown. 

Plots of percent release of DMHP versus time follow parabolic and sigrnodial 

shape curves. Within 15-30 min., at ail the curing times and drying temperatures, the 

beads released 30-55% of DMHP. Beads made with 1% medium viscosity alginate 

showed a continuous parabolic curve regardless of production parameters. The extent of 

release is lower when they are cured for 30 and 45 min. compared to 15 min., when dned 

at 40'~. When dried at 60'~ the release is similar over the three curing times and is 

higher than beads cured for 30 and 45 min. dried at 4 0 ' ~ .  The beads prepared with 2% 

medium viscosity alginate is parabolic and similar in release to 1% alginate when cured 

for 15 min. for both drying temperatures. When cured for 30 and 45 min. they begin to 

display some sigmodial shape. This sigmodial shape is consistent for the remaining 

alginate concentrations and viscosity grades. The sigrnodial shape is attributed to the 

initiai water entry into the beads dissolving the DMHP causing the rapid initial release 



within 15-30 min.. followed by a swelling of the outer surface of the bead as it hydrates. 

This hydration forms a barrier around the bead that reduces the release of DMHP and 

hdps prolong the release. The bead also érodes while it continues to hy&rate .and the 
. 

intenor of the bead swells. Beads prepared with 3% alginate low viscosity showed the 

best release at curing times of 30 and 45 min. dried at 4 0 ' ~ .  Their release is lower then 

when dried at 6 0 ' ~  at the same curing tirnes. Although beads made with 3.5% low 

viscosity alginate showed better release rates when cured for 15 min. at the two drying 

temperatures than 3 Oh alginate, the 3% was better at the 30 and 45 min. curing times. 

The rate of release in general is more prolonged fiorn beads dried at 4 0 ' ~  than at 6 0 ' ~ .  



- -. 

DMHP Powder 
--t- Formulation 1 a4 
- -x - Formulation 2a4 

- - * - - Formulation 3a4 
- -A- - Formulation 4a4 

- * - Formulation 5a4 
. .. 

Time (min) 

Figure 26: Percent release of DMHP in HCGKCl pH = 2.0 medium for formulations 1- 
5. Beads were cured for 15 min. and dried at 4 0 ' ~ .  
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Figure 27: Percent release of DMHP in HCL-KCI pH = 2.0 medium for formulations 1- 
5 .  Beads were cured for 30 min. and dried at 4 0 ' ~ .  
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Figure 28: Percent release of DMHP in HCL-KCI pH = 2.0 medium for formulations 1- 
5. Beads were cured for 45 min. and dried at 4 0 ' ~ .  
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Figure 29: Percent release of DMHP in HCLKCl pH = 2.0 medium for formulations 1- 
5.  Beads were cured for 15 min. and dned at 6 0 ' ~ .  
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Figure 30: Percent release of DMHP in HCL-KCl pH = 2.0 medium for formulations 1- 
5 .  Beads were cured for 30 min. and dried at 60'~. 
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Figure 31: Percent release of DMHP in HCL-KC1 pH = 2.0 medium for formulations 1- 
5.  Beads were cured for 45 min. and dried at 60'~. 
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Figure 32: Percent release of DMHP in phosphate pH = 7.4 medium for formulations 1- 
5. Beads were cured for 1 5 min. and dned at 4 0 ' ~ .  
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Figure 33: Percent release of DMHP in phosphate p H  = 7.4 medium for formulations 1- 
5. Beads were cured for 30 min. and dried at 40 '~ .  
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Figure 34: Percent release of DMHP in phosphate pH = 7.4 medium for formulations 1- 
5.  Beads were cured for 45 min. and dried at 4 0 ' ~ .  
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Figure 35: Percent release of DMHP in phosphate pH = 7.4 medium for formulations 1- 
5. Beads were cured for 15 min. and dried at 60'~. 
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Figure 36: Percent release of DMHP in phosphate pH = 7.4 medium for formuiations 1- 
5. Beads were cured for 30 min. and dried at 6 0 ' ~ .  
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Figure 37: Percent release of DMHP in phosphate pH = 7.4 medium for formulations 1- 
5.  Beads were cured for 45 min. and dried at 60'~. 



3.9. DISSOLL'TION AFTER ADDITION OF ADDITIVES 

Low viscosity grade alginate at a concentration of 3% w/v was utilized for the 

f 

s\aluatioii of the addition of various other components used in microencaps~iation. 

Alginate alorie was imabie to inhibit the rate or extent of DMHP release in pH=l.O KCI- 

HCI nicdia. Iiicréasing concentrations or increasing the length of curing times did not 

affect DMHP release (Figure 26-31}. The addition of various ingredients into the 

formulation nlay heip rnodifi the rapid release of D b W  in this medium and also 

sontribute to tlir iiiodified releasing properties of this qs tem in pH=7.4 phosphate buffer. 

Propylene &col was rvaluated as a plasticizer for the alginate. A plasticizer rnay 

coiist. the :il-iiiüte strands to a l i g  more uniformly in the lottice structure which could help 

reduct: the de\,elopnient of pores and cracks. Fisures 38 and 39 show the release of 

DMHP li-oni calcium alginate beads in pH=2.0 and pH=7.1 media that have propylene 

glycol addttd. Tlie release of DMHP at pH=2.O approaches 100% after the first 30 min. 

conipared ro forriiulations without propyIene glycol ( Formulations 4b4 and 4b6) which 

have a siniilar release profile. signieing that the release was not affected by propylene 

glycol (Figure 3s). DMHP release frorn beads containing propylene glycol in phosphate 

media p F 7 . 4  was similar for the two drying temperatures and not delayed when 

compared to the release fioni 30h alginate alone (Figure 39). Formulations 1 l a  and 1 1 b 

were prepared with 20 mL of  propylene glycol. The addition of more propylene glycol 

was not possible as the alginate solution becarne too viscous for efficient dripping. The 

amount of propylene glycol used was based on total volume of the polymer, so 10% v/v 

was added. Since this amount is high when compared to the polymer weight, and because 



it is a sniall water miscible molecule, minimal plasticization may have occiirred. Further 

work needs to be done to evaluate the role of propylene glycol. 

Hydroxypropy1rnethq.I cellulose (HPMC) wil l swell, independent of pH. in the 

presence of aqueous medium. It was hypothesized that when the drird beads coiitainiog 

HPMC are esposed to aqiieoiis medium pH=2.O, the HPMC will swell aiid prsvent the 

leaching of DMHP. The beads had to be specially formulated to accommodate the 

HPMC component (Page 63 ). Limitations on the concentration and grade of HPMC that 

couid bt: used were restricted b> an increase in the viscosity of the soliition. This 

prevrnted the solution from tlowing through the dripping apparatus. A reduction in the 

algiiiatr. coiicentration to 2 * ,O v (Formulations 9a - 9d) was used to reduce the \ iscosity. 

FOI-rniilations 1Oa and 10b containing 3% wiv alginate. was the maxiniiini alginate 

concenti~atiori that could be torniulated with HPMC. in Figures 40 and 4 1 is shown the 

releast: of DMHP in pH=2.0 and pH=7.4 medium respectively. Here also the release of 

DMHP could not be delayed by the addition of HPMC. Although the maximum arnount 

released does seem to be reduced, with approximately 80% release after 30 min for some 

formulations the rate of release is not appreciably delayed (Figure 40). Reiease in pH=7.4 

phosphate buffer (Figure 4 1 )  was sirnilar for al1 6 formulations except for formulation 

10b which was similar to the release of 3% alginate (Formulation 4b6) without additives 

(Figure 39). 

Pectin is composed primarily of a-D-galactopyranosyLuronic acid units. 

Treatment with sodium hydroxide de-esterifies the molecule to produce ionizable sodium 

pectate that can undergo ionotropic gelation. In contrat to alginate, pectin's interaction 

with cations is relatively weak. The addition of pectin in the sodium alginate solution 



was proposed to possibly add some additionai structure to seal the pores and cracks, and 

reduce the rate of DMHP release in pHz2.0 media. The release is displayed in Figures 42 

r 
and 43 at pH=2.0 and pH=7.4 respectively. The incorporation of pectin appeared-to have 

no effect on the rate of release of DMHP in pH=2.0 which approached 100% by 60 min. 

(Figure 42). [n pH=7.1 phosphate buffer the release was relatively rapid within the first 

45 min. This probably results during the initial hydration and swelling of the beads. 

AAer the first 45 min. the release rate follows a zero order pattern for al1 formulations 

irrespective of pectin concentration and dry ing temperatures (Figure 43 ). 
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Figure 38: Release of DMHP from 3% w/v alginate beads plasticized with propylene 
glycol in pH = 2.0 KCl-HCL b a e r  cured for 30 min. and dried at 4 0 ' ~  (1 la)  
and dned at 6 0 ' ~  (1 lb). Also shown is 3% alginate beacls with no plasticizer 
cured 30 min. and dried at 4 0 ' ~  (4b4) and dried at 6 0 ' ~  (4b6). 
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Figure 39: ReIease of DMHP fiom 3% wlv alginate beads plasticized with propylene 
glycol in pH = 7.4 phosphate buffer cured for 30 min. and dried at 4 0 ' ~  (1 la) 
and dried at 60'~ (1  lb). Also shown is 3% alginate beads with no plasticizer 
cured 30 min. and dried at 4 0 ' ~  (4b4) and dned at 60'~ (4b6). 
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Figure 40: Release of DMHP fiom 2% alginate beads with 0.5% HPMC cured for 30 
min. and dried at 4 0 ' ~  (9a) and dried at 6 0 ' ~  (9b) aiso cured for 60 min. with 
drying at 4 0 ' ~  (9c) and dryhg at 60'~ (9d) in pH = 2.0 KCI-HCl buffer. 
Formulations 10a and lob are 3% alginate beads cured for 30 min. and dried 
at 4 0 ' ~  and 6 0 ' ~  respectively. 
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Figure 41: Release of DMHP fiom 2% alginate beads with 0.5% HPMC cured for 30 
min. and dned at 4 0 ' ~  (9a) and dried at 60'~ (9b) also cured for 60 min. with 
drying at 4 0 ' ~  (9c) and drying at 6 0 ' ~  (9d) in pH = 7.4 phosphate buffer. 
Formulations 10a and 10b are 3% alginate beads cured for 30 min. and ciried 
at 40°c and 60°c respectively. 
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Figure 42: Release of DMHP fkom calcium alginate-pectin beads in pH = 2.0 KCl-HCI 
bufTer. AU formulations were made with 3% alginate with 1%, 2%, or 3% 
pectiu (formulations 6,7, and 8 respectively). Al1 cured for 30 min. and dried 
at either 4 0 ' ~  (6% 74 and 8a) or 60'~ (6b, 7b, and 8b). 
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Figure 43: Release of DMHP fiom calcium alginate-pectin beads in pH = 7.4 phosphate 
buffer. AU formulations were made with 3% alginate with 1%, 2%, or 3% 
pectin (formulations 6, 7, and 8 respectively). Ail cured for 30 min. and dried 
at either 4 0 ' ~  (6% 7% and 8a) or 60'~ (6b, 7b, and 8b). 



3.10. DATA ANALYSIS 

The rate of DMHf release f?om calcium alginate beads was cornpared statistically 

to pure DMHP at the 2 hour time point during dissolution. Cornparisons were done to 

evaluate differences in alginate concentration, curing time, and drying temperature. One 

way analysis of variance (ANOVA) was used to test the null hypothesis that there is no 

difference among the populations from which the samples were drawn or that there is no 

difference in release of DMHP fiom beads or powder with the three different production 

parameters tested. Further paired cornparisons using Student-Newman-Keuls (SNK) 

multiple cornparison test were done to isolate differences in the experimental group. The 

cornparison was done using a fonfidence interval of 95% or P>O.OS. Al1 analysis was 

perforrned using Iandel Scientific SigmaStat v2.0 software. The abbreviations used on 

the data output by the software are as follows: 

Std Dev - Standard Deviation 
SEM - Standard error of the mean 
DF - Degrees of Freedom 
SS - Sum of squares 
MS - Mean of squares 
F - The test statistic 
P - Probability that the differences may be due to chance at a certain confidence 

tevel 

Mathematical treatment of formulations 6-8 were done to evaluate the drug 

release mechanism. The zero order release mode1 was used to descnbe the percent 

release versus t h e .  The equation given by integration of Equation 6 fiom time r to is: 



w1ict-c 1 ,  and M si are the anioiint of drug release at time r and respectively. The plot 

should ~.icld a straight line witli siope km. The assumption was made that DMHF release 

would ;iln.ays acliieve 100% rvcn though release was only evaluated up to '6 h and was 

iiot 31~ iq . s  conlplete by that rinie. 

['lit square root of tiinr drug release model ( Equations 17 and 1 8 ) was proposed 

5 9 .  cdj b> Higiiilii to drscribe the relcase in a matrix system. A plot of drue release vs. the 

square I-oot of tinie should be linear if the release is matrix difiksion controlled. 

The ANOVA and S N K  data for formulations 1-5 are shown in Appendices 1-6 

displays. Tiiere is a statistical significant differences bstween the release of DMHP at 

pH=:.-: froiii the calcium alginate beads as compared to DMHP powder. The SNK 

multiple cuiiiparisons of the calcium alginate beads are shown in appendices 1-7. There 

kvas rio sigiiificant differencc in release when the beads were dried at 1 0 " ~  or 6 0 ' ~  

irr<tspeiti\s of alginate concentration or curing tinie. For each curing tinie. only 3% 

alginate sliowed significant differences fiom times 15 - 30 and 15 - 15 min. Using 

alginate at a concentration of 306, the largest difference in release was s h o w  at curing 

times of 30 and 45 min. 

Table iX displays the regression analysis of fornidations 6-8 with the data set 

starting at the 45 min. sample. the point when the curve becomes linear. The region fiom 

zero to 45 min. is the time of irnmediate release while the beads are hydrating and 

swelling. A11 formulations resulted in a good correlation with the R~ values ranging fiom 

0.9788 - 0.9945. The square root of thne plot is shown in Figure 44 and the linear 

regression data of the plots is displayed in Table X. The formulations again had good 

correlation to the Higuchi model for matrk diaision with R~ values ranging fiom 0.9412 



- 0.9938. The release of DMHP from the pectin-alginate microspheres is a complex 

process. Since there is good correlation with the Higuchi mode1 for a non-disentigratins 

màtrix, the main release mechanism appears to be diffusion controlled even though there 

is some bead erosion. Thus the erosion of the beads appears to be an insignificant 

çoniponent of DMHP release. but for a larger molecule. erosion nia- becorne a more 

dominant factor than di ffiision. 

Table CX: Linear regession data on Formulation 6-5. 

Formulation 
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Figure 44: Square root of t h e  vs. percent release of DMHP for calcium alginate- 
pectin forrnuiations. 

Table X: Linear regression data for Higuchi equation andysis of Figure 44. 

Formulation 



CHAPTER IV 

CONCLUSION 

These studies were designed to evaluate the hypothesis that calcium alginate 

beads could be used to prepare a modified release dosage form of DMHP. Calcium 

alginate beads incorporating DMHP were prepared using a parastalic pump apparatus to 

facilitate controlled flow addition (dropwise) of the alginate-DMHP solution into a curing 

solution containing calcium chloride. Higher concentrations of sodium alginate resulted 

in higher encapsulation efficiency and more uniform bead size distribution. The release 

of DMHP was complete £iom al1 calcium alginate beads regardless of formulation within 

45 min. in pH=2.0 media simulating gastric fluid. This limits the use of calcium alginate 

beads to prolong DMHP's release. The release was not reduced when the alginate 

concentration or the curing time was increased. 

Dissolution studies in pH=7.4 media were conducted based on the assumption that 

there was minimal DMHP release in the gastnc environment at pH=2.0. This could be 

accomplished by enteric coating of the beads. This approach was not evaluated in the 

c m n t  series of experiments. The release pronle in pH=7.4 media demonstrated an 

initial hydration and swelling of the beads which allows DMHP to diffuse out rapidly. 

This initial burst last for 30-45 min., foiiowed by a prolonged release as the beads slowly 



erode by a p-elimination reaction. 82. s3 The use of higher concentrations of sodium 

alginate provides a rate of release that yields a concentration versus time profile that c m  

be described by a sigmodial shaped curve. Drying the beads at different témperatures 

does not effect the rate of release significantly, and thus the degree of bead hydration after 

drying is insignificant. 

To help retard the rapid release of DMHP in the pH=2.0 medium, additives such 

as propylene glycol. W C ,  or pectin were added to the formulation for evaluation. The 

addition of these compounds did not effectively minimize the extensive release in pH=2.O 

media, but formulations containing HPMC seemed to have a reduction in the total 

amount of D~~ released. 

Pectin-alginate combination formulations showed the most promishg profile for 

release of DMHP in pH=7.4 medium. The ability of pectin to also undergo ionotropic 

gelation results in a DMHP release rate which correlates well with the zero order release 

rnodel (R' = 0.9945) and with the Higuchi rnodel for matrix diffusion release (R' = 

0.9938). 

The release of DMHP a low molecuiar weight, water soluble compound was 

suficiently prolonged using formulations with high sodium alginate or when alginate is 

cornbined with pectin in pH=7.4 medium. The major limitation is the complete release in 

acid medium, which would be f ~ s t  seen when administered in vivo. Methods such as 

coating of the beads directly or coating a delivery form such as a tablet or capsule that 

encases the beads with a enteric polymer may reduce or prevent this immediate release. 
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.4ppsndi.c 1 :  ANOVA and SNK at 2 hour release in phosphate pH=7.1 buffer for 
fomiulations 1-5 cured for 15 min and dried at JO'C 

Nonnality Test: Passed (P = 0.071) 

Equai- Variance Test: Passed (P = 0.10 1) 

Group Mean Std Dev SEM 
DMHP Powder 97.400 1.345 0.777 
1% Alginate 9 1.967 4.428 2.556 
2% Alginate 93.533 4.535 2.6 18 
2.5% Alginate 73-267 9.124 5 -268 
3% Alginate 8 1.367 15.842 9.146 
3.5% Alginate 5 3 -200 1 7.229 9.947 

Power of performed test with alpha = 0.050: 0.957 

Source of Variation DF SS MS F P 
Between Treatments 5 4 126.07 1 825.214 7.357 0.002 
Res idual 13 1346.047 112.171 
Total 17 5473.1 1 5 

The differences in the mean values among the treatment groups are greater than would be 
expected by chance; there is a statistically significant difference (P = 0.002). 

All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) : 

Comparison 
DMHP Powder vs. 3.5% Alginate 
DMHP Powder vs. 2.5% Alginate 
DMHP Powder vs. 3% Alginate 
DMHP Powder vs. 1% Alginate 
DMHP Powder vs. 2% Alginate 
2% Alginate vs. 3.5% Alginate 
2% Alginate vs. 2.5% Alginate 
2% Alginate vs. 3% Alginate 
2% Alginate vs. 1% Alginate 
1% Alginate vs. 3.5% Alginate 
1 % Alginate vs. 2.5% Alginate 
1% Alginate vs. 3% Alginate 
3% Alginate vs. 3.5% Alginate 
3% Alginate vs. 2.5% Alginate 
2.5% Alginate vs. 3.5% Alginate 

Diff of Means 
44.200 
24.133 
16.033 
5.433 
3 -867 
40.333 
20.267 
12.167 
1.567 
38.767 
18.700 
10.600 
28.167 
8.1 O0 
20.067 

4 P<0.05 
7.228 Yes 
3.947 No 
2.622 No 
0.889 No 
0.632 No 
6.596 Yes 
3.314 No 
1.990 No 
0.256 No 
6.340 Yes 
3.058 No 
1.734 No 
4.606 Yes 
1.325 No 
3.282 Yes 



Appendix 2: ANOVA and SNK at 2 hour release in phosphate pH=7.4 buffer for 
formulations 1-5 cured for 30 min and dried at 40 'k  

Normality Test: Passed (P = 0.100) 
r 

Equal Variance Test: Passed (P = 0.093) 

Group Mean Std Dev SEM 
DMHP Powder 97.400 1.345 0.777 
1?6 Alginate 76.767 12.352 7.131 
2% Alginate 60.525 30.949 1 5.475 
2.5% Alginate 75.000 1 1.505 6.643 
3 % Alginate 33.833 10.130 5.848 
3.5% Alginate 74.333 3 -620 2.090 

Power of performed test with alpha = 0.050: 0.795 

Source of Variation DF SS MS F P 
Between Treatments 5 6790.857 1358.171 4.800 0.010 
Residual 13 3678.448 282.958 
Totat 18 10469304 

The differences in the mean values among the treatment groups are greater than would be 
expected by chance; there is a statistically signi ficant difference (P = 0.0 1 0). 

Al1 Pairwise Multiple Cornparison Procedures (Student-Newman-Keuls ~Method) : 

Cornparison 
DMHP Powder 
DMHP Powder 

vs. 3% Alginate 
vs. 2% Alginate 

DMHP Powder vs. 3.5% Alginate 
DMHP Powder vs. 2.5% Alginate 
DMHP Powder vs. 1% Alginate 
1% Alginate vs. 3% Alginate 
1 % Alginate vs. 2% Alginate 
L % Alginate vs. 3.5% Alginate 
1% Alginate vs. 2.5% Alginate 
2.5% Alginate vs. 3% Alginate 
2.5% Alginate vs. 2% Alginate 
2.5% Alginate vs. 3.5% Alginate 
3.5% Alginate vs. 3% Alginate 
3.5% Alginate vs. 2% Alginate 
2% Alginate vs. 3% Alginate 

PcO.05 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
Yes 
No 
No 
Yes 
No 
No 



Appendix 3: ANOVA and SNK at 2 hour release in phosphate pH=7.4 buEer for 
formulations 1-5 cured for 45 min and dried at 4 0 ' ~  

Nomality Test: Passed (P = 0.450) 

Equal Variance Test: Passed (P = 0.5 18) 

Group Mean Std Dev SEM 
DMHP Powder 97.400 1.345 0.777 
1 % Alginate 77.43 3 6.352 3.667 
2% Alginate 6 1.267 14.523 8.385 
2.5% Alginate 77.067 12.013 6.935 
3% AI=' alnate 35.800 8.029 4.636 
3 -506 Alginate 67.200 4.101 2.900 

Power of performed test wirh alpha = 0.050: 1.000 

Source of Variation DF SS MS F P 
Between Treatrnents 5 63 16.818 1263-364 14.776 <O.OO 1 
Residuai 11 940.480 85.498 
Total 6 7257.298 

The differences in the mean values arnong the treatment groups are greater than would be 
expected by chance; there is a statistically significant difference (P = c0.00 1 ). 

All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method) : 

Comparison 
DMHP Powder vs. 3% Alginate 
DMHP Powder vs. 2% Alginate 
DMHP Powder vs. 3.5% Alginate 
DMHP Powder vs. 2.5% Alginate 
DMHP Powder vs. 1% Alginate 
1 % Alginate vs. 3% Alginate 
1 % Alginate vs. 2% Alginate 
1 % Alginate vs. 3.5% Alginate 
1 % Alginate vs. 2.5% Alginate 
2.5% Alginate vs. 3% Alginate 
2.5% Alginate vs. 2% Alginate 
2.5% Alginate vs. 3.5% Alginate 
3.5% Alginate vs. 3% Alginate 
3.5% Alginate vs. 2% Alginate 
2% Alginate vs. 3% Alginate 

Diff of Means 
6 1.600 
36.133 
30.200 
20.333 
19.967 
41.633 
16.167 
10.233 
0.367 

4 1 -267 
15.800 
9.867 
3 1 -400 
5.933 
25.467 

P<O.OS 
Y es 
Y es 
Yes 
No 
Yes 
Yes 
No 
No 
No 
Yes 
No 
No 
Yes 
No 
Yes 



Appendix 4: ANOVA and S m  at 2 hour release in phosphate pH=7.4 buffer for 
formulations 1-5 cured for 15 min and dried at 6 0 ' ~  

Nomality , Test: Passed (P = 0.128) 
r 

EqualVariance Test: Passed (P = 0.078) 

Group Mean Std Dev SEM 
DMHP Powder 97.400 1.345 0.777 
1% Alginate 94.467 1.60 I O. 924 
2% Alginate 91 -733 5 -22 1 3.015 
2.5% Alginate 69.167 8.500 4.907 
3 % Alginate 68.433 17.702 10.220 

,3 -5% Alginate 49.433 10.790 6.229 

Power of performed test with alpha = 0.050: 0.999 

Source of Variation DF SS MS F P 
Between Treatments 5 546 1.689 1092.33 8 12.282 <O.OO 1 
Res idual 12 1067.273 88.939 
Total 17 6528.963 

The differences in the mean values among the treatment groups are greater than would be 
expected by chance; there is a statistically significant difference (P = ~0.00 1). 

Al1 Painvise Multiple Cornparison Procedures (Student-Newman-Keuls Method) : 

Comparison 
DMHP Powder vs. 3.5% Alginate 
DMHP Powder vs. 3% Alginate 
DMHP Powder vs. 2.5% Alginate 
DMHP Powder vs. 2% Alginate 
DMHP Powder vs. 1 % Alginate 
1% Alginate vs. 3.5% Alginate 
1% Alginate vs. 3% Alginate 
1% Alginate vs. 2.5% Alginate 
1% Alginate vs. 2% Alginate 
2% Alginate vs. 3.5% Alginate 
2% Alginate vs. 3% Alginate 
2% Alginate vs. 2.5% Alginate 
2.5% Alginate vs. 3.5% Alginate 
2.5% Alginate M. 3% Alginate 
3% Alginate vs. 3.5% Alginate 

P<0.05 
Yes 
Yes 
Yes 
No 
No 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
No 
NO - 
Yes 



Appendix 5 :  ANOVA and SNK at 2 hour release in phosphate pH=7.4 buffer for 
formulations 1-5 cured for 30 min and dried at 6 0 ' ~  

Nomality Test: Passed (P = 0.405) 
r 

P' 

Equal. Variance Test: Passed (P = 0.176) 

Group Mean Std Dev SEM 
DMHP Powder 97.400 1.345 0.777 
1 % Alginate 96.733 5.645 3 -259 
2% Alginate 73.800 6.63 1 3.315 
2.5% Alginate 67.500 4.700 2.7 14 
3% Alginate 45.100 1.277 0.73 7 
3 -5% Alginate 58.667 2.259 1.304 

Power of performed test with alpha = 0.050: 1 .O00 

Source of Variation DF SS MS F P 
Between Treatments 5 65 19.748 1303.950 65.986 ~ 0 . 0 0  1 
Residual 13 256.893 19.76 1 
Total 18 6776.641 

The differences in the mean values among the treatment groups are greater than wodd be 
expected by chance; there is a statistically significant difference (P = <0.00 1 ). 

Al1 Painvise Multiple Comparison Procedures (Student-Newman-Keuls Method) : 

Comparison 
DMHP Powder vs. 3% Alginate 
DMHP Powder vs. 3.5% Alginate 
DMHP Powder vs. 2.5% Alginate 
DMHP Powder vs. 2% Alginate 
DMHP Powder vs. 1 % Alginate 
1 % Alginate vs. 3% Alginate 
1% Alginate vs. 3.5% Alginate 
1 % Alginate vs. 2.5% Alginate 
1 % Alginate vs. 2% Alginate 
2% Alginate vs. 3% Alginate 
2% Alginate vs. 3.5% Alginate 
2% Alginate vs. 2.5% Alginate 
2.5% Alginate vs. 3% Alginate 
2.5% Alginate vs. 3.5% Alginate 
3.5% Aginate vs. 3% Alginate 

PcO.05 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 



Appendix 6:  ANOVA and SNK at 2 hour release in phosphate pW7.4 buffer for 
formulations 1-5 cured for 45 min and dried at 6 0 ' ~  

Normaiity Test: Passed (P = 0.606) 
r 

E q d  Variance Test: Passed (P = 0.364) 

Group Mean Std Dev SEM 
DMHP Powder 97.400 1.345 0.777 
1 % Alginate 91.333 4.27 1 2.466 
2% Alginate 72.100 2.9 1 O 1.680 
2.5% Alginate 67.867 5.186 2.994 
3% Alginate 54.533 6.912 3.99 1 
3.5% Alginate 58.300 2.121 1 .500 

Power of performed test with aipha = 0.050: 1 .O00 

Source of Variation DF SS MS F P 
Between Treatments 5 4293 .478 858.696 44.792 <O.OO 1 
Residual 11 210.880 19.171 
To ta1 16 4504.358 

The differences in the mean values among the treatment groups are greater than would be 
expected by chance; there is a statistically significant difference (P = <0.00 1). 

Al1 Pairwise Multiple Cornparison Procedures (Student-Newman-Keuls Method) : 

Cornparison 
DMHP Powder vs. 3% Alginate 
DMHP Powder vs. 3 -5% Alginate 
DMHP Powder vs. 2.5% Alginate 
DMHP Powder vs. 2% Alginate 
DMHP Powder vs. 1 % Alginate 
1% Alginate vs. 3% Alginate 
1 % Alginate vs. 3 -5% Alginate 
1 % Alginate vs. 2.5% Alginate 
1 % Alginate vs. 2% Alginate 
2% Alginate vs. 3% Alginate 
2% Alginate vs. 3.5% Alginate 
2% Alginate vs. 2.5% Alginate 
2.5% A l m e  vs. 3% Alginate 
2.5% Alginate vs. 3.5% Alginate 
3.5% Alginate vs. 3% Alginate 

Pc0.05 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 



Appendix 7: SNK multiple cornparison of DMHP release at 2 h. in phosphate pH=7.4 
buffer. Legend: % - is the alginate concentration. CT - curing tirne. DT - 
dryhg temperature. 

~ o r n ~ a n s o n  
r 

Diff of Means P Q -P<0.05 
9759 Yes  1% C ï 3 0  DT60 vs. 

1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs- 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 

. 1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT30 DT60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT 30 DT 60 vs. 
1% CT30 DT60 vs. 
1% CT 30 DT 60 vs. 2.5% CT 45 DT 40 
1% CT 30 DT 60 vs. 1% CT45 DT40 
1% CT 30 DT 60 vs. 3% CT 15 DT 40 
1% CT 30 DT 60 vs. 1% CT 45 DT 60 
1% CT 30 DT 60 vs. 2% CT 15 DT 60 
1% CT 30 DT 60 vs. 1% CTLS DT 40 
1% CT 30 DT 60 vs. 2% CT 15 DT 40 
1% CT30 DT 60 vs. 1% CT 15 DT 60 
1% CT 15 DT 60 vs. 3% CT 30 DT 40 
1% CT 15 DT 60 vs. 3% CT 45 DT 40 
1% CT 15 DT 60 vs. 3% CT 30 DT 60 
1% CT 15 DT60vs. 3.5% CT 15 DT60 
1% CT 15 DT 60 vs. 3.5% CT 15 DT 40 
1% CT 15 DT60 vs. 3%CT45 DT60 
1% CT 15 DT 60 vs. 3.5% CT 45 DT 60 
1% CT 15 DT 60 vs. 3.5% CT 30 DT 60 
1% CT 15 DT 60 vs. 2% CT 30 DT 40 
1% CT 15 DT 60 vs. 2% CT 45 DT 40 
1% CT 15 DT 60 vs. 35% CT 45 DT 40 

9.453 Yes 
8.01 1 Yes 
7.338 Yes 
6.754 Yes 
6.547 Yes 
5.333 No 
5.906 Yes 
6.005 Yes 
5.502 Yes 
4.098 No 
4.535 No 
4.478 No 
4.391 No 
4.277 No 
3.822 No 
3.641 No 
3.804 No 
3.475 No 
3.372 No 
3.098 No 
3.051 N o  
2.994 No 
2.384 No 
0.838 No 
0.776 No 
0.740 No 
0.496 No 
0.352 No 
9.407 Yes 
9.102 Yes 
7.659 Yes 
6.987 Yes 
6.402 Yes 
6.195 Yes 
5.019 No 
5.554 Yes 
5.629 Yes 
5.151 No 
3.784 No 
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Cornparison Diff of Means P q P<O.OS 
1% CT 15 DT 60 vs. 2.5% CT 30 DT 60 

-1% CT 15 DT 60 vs. 2.5% CT 45 DT 60 
I%CT 15 DT 60 vs. 3% CT 15 DT 60 
1% CT 15 DT 60 vs. 2.5% CT 15 DT60 
1 % C ï  15 DT60vs.2%CT45 DT6O 
1% CT 15 DT 60 vs. 2.5% CT 15 DT 40 
1% CT 15 DT60vs. 2% CT3O DT6O 
1% CT 15 DT 60 vs. 3.5% CT 30 DT 40 
1% CT 15 DT 60 vs. 2.5% CT 30 DT 40 
1% CT 15 DT 60 vs. 1% CT 30 DT4O 
1% CT 15 DT 60 vs. 2.5% CT 45 DT 40 
1% CT 15 DT 60 vs. 1% CT 45 DT 40 

.. l%CT 15 DT60vs. 3%CT I5DT40 
1% CT 15 DT 60vs. 1% CT45 DT 60 
1% CT 15 DT 60 vs. 2% CT 15 DT 60 
1% CT 15 DT 60 vs. 1% CTI5 DT 40 
1% CT 15 DT 60 vs. 2% CT 15 DT4O 
2% CT 15 DT 40 vs. 3% CT 30 DT4O 
2% CT 15 DT40vs. 3% CT45 DT4O 
2% CT 15 DT4O vs. 3% CT 30 DT 60 
2% CT 15 DT 40 vs. 3.5% CT 15 DT 60 
2% CT 15 DT 40 vs. 3.5% CT 15 DT 40 
2% CT 15 DT 40 vs. 3% CT 45 DT 60 
2% CT 15 DT 40 vs. 3.5% CT 45 DT 60 
2% CT 15 DT 40 vs. 3.5% CT 30 DT 60 
2% CT 15 DT4O vs. 2% CT 30 DT4O 
2% CT 15 DT 40 vs. 2% CT 45 DT 40 
2% CT 15 DT 40 vs. 3.5% CT 45 DT 40 
2% CT 15 DT 40 vs. 2.5% CT 30 DT 60 
2% CT 15 DT 40 vs. 2.5% CT 45 DT 60 
2%CT 15 DT40vsm3%CT lSDT60 
2% CT 15 DT4O vs. 2.5% CT 15 DT 60 
2% CT 15 DT 40 vs. 2% CT 45 DT 60 
2% CT 15 DT 40 vs. 2.5% CT 15 DT4O 
2% CT 15 DT 40 vs. 2% CT 30 DT 60 
2% CT 15 DT 40 vs. 3.5% CT 30 DT 40 
2% CT 15 DT 40 vs. 2.5% CT 30 DT 40 
2%CT15DT40vs. 1%CT30DT40 
2% CT 15 DT 40 vs. 2.5% CT 45 DT 40 
2%CT 15DT40vs, l%CT45DT40 
2% CT 15 DT 40 vs. 3% CT 15 DT 40 
2% CT 15 DT 40 vs. 1% CT 45 DT 60 
2%CT 15 DT40vs02%CT 15DT60 
2% CT 15 DT40 vs, 1% CT15 DT 40 

4.184 No 
4.127 No 
4939 No 
3.925 -No 
3;470 No 
3.289 No 
3.428 No 
3.124 No 
3.020 No 
2.746 No 
2.700 No 
2.643 No 
2.032 No 
0.486 No 
0.424 No 
0.388 No 
0.145 No 
9.262 Yes 
8.957 Yes 
7.5 14 Yes 
6.842 Yes 
6.257 Yes 
6.051 Yes 
4.889 No 
5.409 Yes 
5.475 Yes 
5.006 No 
3.654 No 
4.039 No 
3.982 No 
3.894 N o  
3.780 N o  
3.325 No 
3.144 No 
3.273 N o  
2.979 N o  
2,875 N o  
2.601 N o  
2.555 No 
2.498 N o  
1.888 N o  
0.341 N o  
0,279 No 
0.243 No 



Cornparison 
1% CTlS DT 40 vs. 3% CT 30 DT 40 

.1% CTl5 DT 40 vs. 3% CT 45 DT 40 
1%-CT15 DT 40 vs. 3% CT 30 DT 60 
1% CT15 DT 40 vs. 3.5% CT 15 DT 60 
1% m l 5  DT40 vs. 3.5% CT 15 DT40 
1% CTl5 DT 40 vs. 3% CT 45 DT 60 
1% CTlS DT 40 vs. 3.5% CT 45 DT 60 
1% CT15 DT 40 vs. 3.5% CT 30 DT 60 
1% CT15 DT 40 vs. 2% CT 30 DT 40 
1% CT15 DT4O vs. 2% CT45 DT4O 
l%CT15 DT40vs.3.5%CT45 DT40 
1% CT15 DT 40 vs. 2.5% CT 30 DT 60 

.. 1% CT15 DT 40 vs. 2.5% CT 45 DT 60 
l%CT15DT40vs,3%CT 15DT60 
1% CTl5 DT40vs. 2.5% CT 15 DT60 
1% CTl5 DT4O vs. 2% CT 45 DT6O 
1% CT15 DT 40 vs. 2.5% CT 15 DT4O 
1% CT15 DT 40 vs. 2% CT 30 DT 60 
1% CT15 DT 40 vs. 3.5% CT 30 DT 40 
1% CT15 DT 40 vs. 2.5% CT 30 DT 40 
1% CT15 DT40 vs. 1% CT 30 DT40 
1% CT15 DT 40 vs. 2.5% CT 45 DT 40 
1% CTl5 DT 40 vs. 1% CT 45 DT40 
l % C T 1 5 D T 4 0 ~ ~ . 3 % C T 1 5 D T 4 0  
1% CTl5 DT40  vs. 1% CT45 DT60 
1% CT15 DT 40 vs. 2% CT 15 DT 60 
2% CT 15 DT 60 vs. 3% CT 30 DT 40 
2% CT 15 DT 60 vs. 3% CT 45 DT 40 
2% CT 15 DT 60 vs. 3% CT 30 DT 60 
2% CT 15 DT 60 vs. 3.5% CT 15 DT 60 
2% CT 15 DT 60 vs. 3.5% CT 15 DT 40 
2% CT f 5 DT 60 vs. 3% CT 45 DT 60 
2% CT 15 DT 60 vs. 3.5% CT 45 DT 60 
2% CT 15 DT 60 vs. 3.5% CT 30 DT 60 
2% CT 15 DT 60 vs. 2% CT 30 DT 40 
2% CT 15 DT 60 vs. 2% CT 45 DT 40 
2% CT 15 DT 60 vs. 3.5% CT 45 DT 40 
2% CT 15 DT 60 vs. 2.5% CT 30 DT 60 
2% CT 15 DT 60 vs. 2.5% CT 45 DT 60 
2% CT 15 DT60vs. 3% CT 15 DT6O 
2% CT 15 DT 60 vs. 2.5% CT 15 DT 60 
2% CT 15 DT 60 vs. 2% CT 45 DT 60 
2% CT 15 DT 60 vs. 2.5% CT 15 DT 40 
2% CT 15 DT 60 vs. 2% CT 30 DT6O 

Diff of Means 
9.019 Yes 
8.714 Yes 
7.771 Yes 
6.599 -Yes 
6:014 Yes 
5.808 Yes 
4.672 No 
5.166 No 
5.215 Yes 
4.763 No 
3.437 No 
3.796 No 
3.739 No 
3.651 No 
3.537 No 
3.082 No 
2.901 No 
3.013 No 
3.736 No 
2.632 No 
3.358 No 
2.312 No 
2.255 No 
1.645 No 
0.098 No 
0.036 No 
8.983 Yes 
8.678 Yes 
7.235 Yes 
6.563 Yes 
5.978 Yes 
5.771 Yes 
4.639 No 
5.130 No 
5.176 Yes 
4.727 No 
3.404 No 
3.760 No 
3.703 No 
3.615 No 
3.501 No- 
3.046 No 
2.865 No 
2.974 No 



Cornparison Diff of Means P 9 R0.05 
2% CT 15 DT 60 vs. 3.5% CT 30 DT 40 
2% CT 15 DT 60 vs. 2.5% CT 30 DT 40 
2% CT 15 DT 60 vs. 1 % CT 30 DT 40 
~ % ' c T  15 DT 60 vs. 2.5% CT 45 DT 40 
2% Cf 15 DT 60 vs. 1% CT 45 DT 40 
2% CT 15 DT 60 vs. 3% CT 15 DT 40 
2% CT 15 DT 60 vs. 1% CT 45 DT 60 
1% CT45 DT 60 vs. 3% CT 30DT40 
1% CT 45 DT 60 vs- 3% CT 45 DT 40 
1% CT45 DT6O vs. 3% CT30DT60 
1% CT 45 DT 60 vs. 3.5% CT 15 DT 60 
1 % CT 45 DT 60 vs. 3.5% CT 15 DT 40 
1 % CT 45 DT 60 vs. 3% CT 45 DT 60 
I %  CT 45 DT 60 vs. 3.5% CT 45 DT 60 
1 % CT 45 DT 60 vs. 3.5% CT 30 DT 60 
1% CT 45 DT 60 vs. 2% CT 30 DT 40 
1% CT 45 DT 60 vs. 
1 % CT 45 DT 60 vs. 
1 % CT 45 DT 60 vs. 
1% CT 45 DT 60 vs. 
l%CT45DT60vs 
1% CT45 DT 60 vs 
1% CT 45 DT 60 vs 
1% CT 45 DT 60 vs 
1% CT45 DT60vs 
1 % CT 45 DT 60 vs 
1% CT45 DT6O vs. 
1% CT 45 DT 60 vs. 
1% CT45 DT 60 vs. 
1% CT 45 DT 60 vs. 
1% CT 45 DT 60 vs. 
3% CT 15 DT 40 vs. 
3% CT 15 DT 40 vs. 3% CT 45 DT 40 
3% CT 15 DT 40 vs. 3% CT 30 DT 60 
3% CT 15 DT40 vs. 3.5% CT 15DT60 
3% CT 15 DT40 vs. 3.5% CT 15DT40 
3% CT 15 DT 40 vs. 3% CT 45 DT 60 
3% CT 15 DT 40 vs. 3.5% CT 45 DT 60 
3% CT 15 DT 40 vs. 3.5% CT 30 DT 60 
3% CT 15 DT 40 vs. 2% CT 30 DT 40 
3% CT 15 DT 40 vs. 2% CT 45 DT 40 
3% CT 15 DT 40 vs. 3.5% CT 45 DT 40 
3% CT 15 DT 40 vs. 2.5% CT 30DT 60 
3% CT 15 DT 40 vs. 2.5% CT 45 .DT 60 

2.700 No 
2.596 No 
2.372 No 
2.275 No 
2.219 No 
1.608 No 
0.0621 No 
8.921 Yes 
8-616 Yes 
7.173 Yes 
6.501 Yes 
5.916 Yes 
5.709 Yes 
4.584 No 
5.068 No 
5.1 10 Yes 
4.665 No 
3.349 No 
3.698 No 
3.641 No 
3.553 No 
3.439 No 
2.984 No 
2.803 No 
2.908 No 
2.637 No 
2.534 No 
2,260 No 
2.213 No 
2.157 No 
1.546 No 
7.375 Yes 
7,069 Yes 
5.627 Yes 
4.954 No 
4.370 No 
4.163 No 
3201 No 
3.522 No 
3.457 No 
3.118 No - 
1.966 No 
2.151 No 
2.094 No 



Cornparison Diff of Means P 9 P<O.OS 
3% CT 15 DT 60 3% CT 15 DT 40 vs. 

-3% CT 15 DT 40 vs. 
3%.CT 15 DT 40 vs. 
3% CT 15 DT 40 vs. 
3% Cï 15 DT 40 vs. 
3% CT. 15 DT 40 vs. 
3% CT 15 DT 40 vs. 
3% CT 15 DT 40 vs. 
3% CT 15 DT 40 vs. 
3%CT 15 DT40vs. 
1% CT 45 DT 40 vs. 
1% CT 45 DT 40 vs. 

-. 1 % CT 45 DT 40 vs. 
1 % CT 45 DT 40 vs. 
1% CT 45 DT 40 vs. 
1% CT 45 DT 40 vs. 
1 % CT 45 DT 40 vs. 
1% CT 45 DT 40 vs. 
1% CT45 DT40 vs. 
1% CT 45 DT 40 vs. 
1 % CT 45 DT 40 vs. 
1% CT 45 DT 40 vs. 2.5% CT 30 DT 60 
1% CT 45 DT 40 vs. 2.5% CT 45 DT 60 
1% CT 45 DT 40 vs. 3% CT 15 DT 60 
1% CT 45 DT 40 vs. 2.5% CT 15 DT 60 
1% CT 45 DT 40 vs. 2% CT 45 DT 60 
1% CT 45 DT 40 vs. 2.5% CT 15 DT 40 
1% CT 45 DT 40 vs. 2% CT 30 DT 60 
1% CT 45 DT 40 vs. 3.5% CT 30 DT 40 
1% CT 45 DT 40 vs. 2.5% CT 30 DT 40 
1% CT 45 DT 40 vs. 1% CT 30 DT 40 
1% CT 45 DT 40 vs. 2.5% CT45 DT 40 
2.5% CT 45 DT 4 vs. 3% CT 30 DT 40 
2.5% CT45 DT4 vs. 3% CT45 DT 40 
2.5% CT 45 DT 4 vs, 3% CT 30 DT 60 
2.5% CT 45 DT 4 vs, 3.5% CT 15 DT 60 
2.5% CT 45 DT 4 vs. 3.5% CT 15 DT 40 
2.5% CT 45 DT 4 vs. 3% CT 45 DT 60 
2.5% CT 45 DT 4 vs. 3.5% CT 45 DT 60 
2.5% CT45 DT 4 vs. 3.5% CT 30 DT 60 
2.5% CT 45 DT 4 vs. 2% CT 30 DT 40 
2.5% CT 45 DT 4 vs. 2% CT 45 DT 40 
2.5% CT 45 DT 4 vs. 3.5% Ci' 45 DT 40 
2 5% CT 45 DT 4 vs. 2.5% CT 30 DT 60 

2.007 No 
1.893 No 
1 A38 No 
1.557 NO 
1.-255 No 
1.091 No 
0.988 No 
0.714 No 
0.667 No 
0.610 No 
6.764 Yes 
6.459 Yes 
5.016 No 
4.344 No 
3.760 No 
3.553 No 
2.655 No 
2.912 No 
2.804 No 
2.508 No 
1.420 No 
1.541 No 
1.484 No 
1.396 No 
1.283 No 
0.827 No 
0.646 No 
0.603 No 
0.481 No 
0.378 No 
0.103 No 
0.056 No 
6.707 Yes 
6.402 Yes 
4.959 No 
4.287 No 
3.703 No 
3.496 No 
2.604 No 
2.855 No 
2.744 No 
2.451 No 
1.369 No 
1.484 No 
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Cornparison Diff of Means P q Pa.05 
2S% CT 45 DT 4 vs. 2.5% CT 45 DT 60 
2.5% CT 45 DT 4 vs- 3% CT 15 DT 60 
2.5% CT 45 DT 4 vs. 2.5% CT 15 DT 60 
2.5% CT 45 DT 4 vs. 2% CT 45 DT 60 
2.5% CT 45 DT 4 vs. 2.5% CT 15 DT 40 
2.5% CT 45 DT 4 vs. 2% CT 30 DT 60 
2.5% CT 35 DT 4 vs. 3.5% CT 30 DT 40 
2.5% CT 35 DT 4 vs. 2.5% CT 30 DT 40 
2.5% CT 45 DT 4 vs. 1% CT 30 DT 40 
1% CT 30 DT40 vs. 3% CT 30 DT40 
1% CT 30 DT 40 vs- 3% CT 45 DT 40 
1% CT 30 DT 40 vs. 3% CT 30 DT 60 

.. 1 % CT 30 DT 40 vs. 3.5% CT 15 DT 60 
1% CT 30 DT40vs. 3.5%CT 15 DT4O 
1% CT 30 DT40 vs- 3% CT45 DT60 
1 % CT 30 DT 40 vs. 3.5% CT 45 DT 60 

1% CT 30 DT 40 vs. 3% CT 15 DT 60 
1% CT 30 DT 40 vs. 2.5% CT 15 DT 60 
1% CT 30 DT 40 vs. 2% CT 45 DT 60 
1% CT 30 DT4O vs. 2.5% CT 15 DT40 
1% CT 30 DT 40 vs. 2% CT 30 DT 60 
1% CT 30 DT 40 vs. 3.5% CT 30 DT 40 
1% CT 30 DT 40 vs. 2.5% CT 30 DT 40 
2.5% CT 30 DT 4 vs. 3% CT 30 DT 40 
2.5% CT 30 DT 4 vs. 3% CT 45 DT 40 
2.5% CT 30 DT 4 vs. 3% CT 30 DT 60 
2.5% CT 30 DT 4 vs. 3.5% CT 15 DT 60 
2.5% CT 30 DT 4 vs. 3.5% CT 15 DT 40 
2.5% CT 30 DT 4 vs. 3% CT 45 DT 60 
2.5% CT 30 DT 4 vs. 3.5% CT 45 DT 60 
2.5% CT 30 DT 4 vs. 3.5% CT 30 DT 60 
2.5% CT 30 DT 4 vs. 2% CT 30 DT 40 
2.5% CT 30 DT 4 vs. 2% CT 45 DT 40 
2.5% CT 30 DT 4 vs. 3.5% CT 45 DT 40 
2.5% CT 30 DT 4 vs. 2.5% CT 30 DT 60 
2.5% CT 30 DT 4 vs. 2.5% CT 45 DT 60 
2.5% CT 30 DT 4 vs. 3% CT 15 DT 60 
2.5% CT 30 DT 4 vs. 2.5% CT 15 DT 60 

1.427 No 
1.339 N o  
1.S26 No 
0.771 No 
0.590 N o  
0.542 No 
0.424 No 
0.321 No 
0.0465 No 
6.661 Yes 
6.356 Yes 
4.913 No 
4.241 No 
3.656 No 
3.449 No 
2.563 N o  
2.808 No 
2.694 No 
2.305 N o  
1.328 No 
1.438 No 
1.381 No 
1.293 N o  
1.179 No 
0.724 N o  
0.543 No 
0.492 No 
0.378 No 
0.274 No 
6.387 Yes 
6.082 Yes 
4.639 No 
3.967 No 
3.382 No 
3.175 No 
2.317 N o  
2.534 No 
2.401 No 
2.131 No 
1.082 No 
1.164 No - 
1.107 No 
1.019 No 
0.905 No 



Cornpanson Diff of Means P '4 P4I.05 
2.5% CT 30 DT 4 vs. 2% CT 45 DT 60 
-2.5% CT 30 DT 4 vs. 2.5% CT 15 DT 40 
2.5% CT 30 DT 4 vs. 2% CT 30 DT 60 

3.5% CT 30 DT 4 vs. 3% CT 45 DT 60 
3.5% CT 30 DT 4 vs. 3.5% CT 45 DT 60 
3.5% CT 30 DT 4 vs. 3.5% CT 30 DT 60 

,3.5% CT 30 DT 4 vs* 2% CT 30 DT 40 
3.5% CT 30 DT 4 vs. 2% CT 45 DT 40 
3.5% CT 30 DT 4 vs. 3.5% CT 45 DT 40 
3.5% CT 30 DT 4 vs. 2.5% CT 30 DT 60 
3.5% CT 30 DT 4 vs. 2.5% CT 45 DT 60 
3.5% CT 30 DT 4 vs. 3% CT 15 DT 60 
3.5% CT 30 DT 4 vs. 2.5% CT 15 DT 60 
3.5% CT 30 DT 4 vs. 2% CT 45 DT 60 
3.5% CT 30 DT 4 vs. 2.5% CT 15 DT 40 
3.5% CT 30 DT 4 vs. 2% CT 30 DT 60 
2% CT 30 DT 60 vs. 3% CT 30 DT 40 
2% CT 30 DT 60 vs. 3% CT 45 DT 40 
2% CT 30 DT 60 vs. 3% CT 30 DT 60 
2% CT 30 DT 60 vs. 3.5% CT 15 DT 60 
2% CT 30 DT 60 vs. 3.5% CT 15 DT 40 
2% CT 30 DT 60 vs, 3% CT 45 DT 60 
2% CT 30 DT 60 vs. 3.5% CT 45 DT 60 
2% CT 30 DT 60 vs. 3.5% CT 30 DT 60 
2% CT 30 DT 60 vs. 2% CT 30 DT 40 
2% CT 30 DT 60 vs. 2% CT 45 DT 40 
2% CT 30 DT 60 vs. 3.5% CT 45 DT 40 
2% CT 30 DT 60 vs. 2.5% CT 30 DT 60 
2% CT 30 DT 60 vs. 2.5% CT 45 DT 60 
2% CT 30 DT 60 vs. 3% CT 15 DT 60 
2% CT 30 DT 60 vs. 2.5% CT 15 DT 60 
2% CT 30 DT 60 vs. 2% CT 45 DT 60 
2% CT 30 DT 60 vs. 2.5% CT 15 DT 40 
2.5% CT 15 DT 4 vs. 3% CT 30 DT 40 
2.5% CT 15 DT 4 vs. 3% CT 45 DT 40 
2.5% CT 15 DT 4 vs. 3% CT 30 DT 60 
2.5% CT 15 DT 4 vs. 3.5% CT 15 DT 60 
2.5% CT 15 DT 4 vs, 3 5% CT 15 DT 40 . '  

0.269 No 
0.199 No 
o.io3 NO 
6:283 Yes 
5.978 Yes 
4.535 No 
3.863 No 
3.279 No 
3.072 No 
2.225 No 
2.431 No 
2.290 No 
2.027 No 
0.990 No 
1.060 No 
1.003 No 
0.915 No 
0.802 No 
0.346 No 
0.165 No 
0.0885 No 
6.629 Yes 
6.303 Yes 
4.760 No 
4.041 No 
3.417 No 
3.195 No 
2.267 No 
2.510 No 
2.378 No 
2.079 No 
0.965 No 
1.045 No 
0.984 No 
0.890 No 
0.768 No 
0.282 No 
0.0885 No 
6.118 Yes 
5.813 Yes 
4,370 No 
3.698 No 
3.113 No 



Cornparison Diff of Means P 9 Pe0.05 
18.733 2.5% CT 15 DT 4 vs. 3% CT 45 DT 60 

2.5% CT 15 DT 4 vs. 3.5% CT 45 DT 60 
2.5% CT 15 DT 4 vs. 3.5% CT 30 DT 60 
2.5% CT 15 DT 4 vs. 2% CT 30 DT 40 
2.S%'CT 15 DT 4 vs. 2% CT 45 DT 40 
2.5% CT 15 DT 4 vs, 3.5% CT 45 DT 40 
2.5% CT 15 DT 4 vs. 2.5% CT 30 DT 60 
2.5% CT 15 DT 4 vs. 2.5% CT 45 DT 60 
2.5% CT 15 DT 4 vs. 3% CT 15 DT 60 
2.5% CT 15 DT 4 vs. 2.5% CT t 5 DT 60 
2.5% CT 15 DT 4 vs. 2% CT 45 DT 60 
2% CT 45 DT 60 vs. 3% CT 30 DT 40 
2% CT 45 DT 60 vs. 3% CT 45 DT 40 
2% CT 45 DT 60 vs. 3% CT 30 DT 60 
2% CT 45 DT 60 vs. 3.5% CT 15 DT 60 
2% CT 45 DT 60 vs. 3.5% CT 15 DT 40 
2% CT 45 DT 60 vs. 3% CT 45 DT 60 
2% CT 45 DT 60 vs. 3.5% CT 45 DT 60 
2% CT 45 DT 60 vs. 3.5% CT 30 DT 60 
2% CT 45 DT 60 vs. 2% CT 30 DT 40 
2% CT 45 DT 60 vs. 2% CT 45 DT 40 
2% CT 45 DT 60 vs. 3.5% CT 45 DT 40 
2% CT 45 DT 60 vs. 2.5% CT 30 DT 60 
2% CT 45 DT 60 vs. 2.5% CT 45 DT 60 
2% CT 45 DT 60 vs, 3% CT 15 DT 60 
2% CT 45 DT 60 vs. 2.5% CT 15 DT 60 
2.5% CT 15 DT 6 vs. 3% CT 30 DT 40 
2.5% CT 15 DT 6 vs. 3% CT 45 DT 40 
2.5% CT 15 DT 6 vs. 3% CT 30 DT 60 
2.5% CT 15 DT 6 vs. 3.5% CT 15 DT 60 
2.5% CT 15 DT 6 vs. 3.5% CT 15 DT 40 
2.5% CT 15 DT 6 vs. 3% CT 45 DT 60 
2.5% CT 15 DT 6 vs. 3.5% CT 45 DT 60 
2.5% CT 15 DT 6 vs. 3.5% CT 30 DT 60 
2.5% CT 15 DT 6 vs. 2% CT 30 DT 40 
2.5% CT 15 DT 6 vs. 2% CT 45 DT 40 
2.5% CT 15 DT 6 vs. 3.5% CT 45 DT 40 
2.5% CT 15 DT 6 vs. 2.5% CT 30 DT 60 
2.5% CT 15 DT 6 vs. 2.5% CT 45 DT 60 
2.5% CT 15 DT 6 vs. 3% CT 15 DT 60 
3% CT 15 DT 60 vs. 3% CT 30 DT 40 
3% CT 15 DT 60 vs. 3% CT 45 DT 40 
3% CT 15 DT 60 YS. 3% CT 30 DT 60 
3% CT 15 DT 60 vs. 3.5% CT 15 DT 60 

2.906 No 
2.077 No 
2.265 No 
2 . h  NO 
1,862 No 
0.842 No 
0.895 No 
0.838 No 
0.750 No 
0.636 No 
0.181 No 
5.937 Yes 
5.632 Yes 
4.189 No 
3.517 No 
2.932 No 
2.725 No 
1.915 No 
2.084 No 
1.920 No 
1.681 No 
0.680 No 
0.714 No 
0.657 No 
0.569 No 
0.455 No 
5.482 Yes 
5.177 Yes 
3.734 No 
3.062 No 
2.477 No 
2.270 No 
1.508 No 
1.629 No 
1.433 No 
1.226 N o  
0.273 No 
0.259 No 
0.202 No 
0.114 No 
5.368 Yes 
5.063 Yes 
3.620 No 
2.948 No 



3%CT 15 DT 60 vs. 3.5%CT 15 DT4O 
3% CT 15 DT 60 vs. 3% CT 45 DT 60 
3%.CT 15 DT 60 vs. 3.5% CT 45 DT 60 
3% CT 15 DT 60 vs. 3.5% CT 30 DT 60 
3% (3' 15 DT 60 vs. 2% CT 30 DT 40 
3% CT 15 DT 60 vs. 2% CT 45 DT 40 
3% CT 15 DT 60 vs. 3.5% CT 45 DT 40 
3% CT 15 DT 60 vs. 2.5% CT 30 DT 60 
3% CT 15 DT 60 vs. 2.5% CT 45 DT 60 
2.5% CT 45 DT 6 vs. 3% CT 30 DT 40 
2.5% CT 45 DT 6 vs. 3% CT 45 DT 40 
2.5% CT 45 DT 6 vs. 3% CT 30 DT 60 

-2.5% CT 45 DT 6 vs. 3.5% CT 15 DT 60 
2.5% CT 45 DT 6 vs. 3.5% CT 15 DT 40 
2.5% CT 45 DT 6 vs. 3% CT 45 DT 60 
2.5% CT 45 DT 6 vs. 3.5% CT 45 DT 60 
2.5% CT 45 DT 6 vs. 3.5% CT 30 DT 60 
2.5% CT 45 DT 6 vs. 2% CT 30 DT 40 
2.5% CT 45 DT 6 vs. 2% CT 45 DT 40 
2.5% CT 45 DT 6 vs. 3.5% CT 45 DT 40 
2.5% CT 45 DT 6 vs. 2.5% CT 30 DT 60 
2.5% CT 30 DT 6 vs. 3% CT 30 DT 40 
2.5% CT 30 DT 6 vs. 3% CT 45 DT 40 
2.5% CT 30 DT 6 vs. 3% CT 30 DT 60 
2.5% CT 30 DT 6 vs. 3.5% CT 15 DT 60 
2.5% CT 30 DT 6 vs. 3.5% CT 15 DT 40 
2.5% CT 30 DT 6 vs. 3% CT 45 DT 60 
2.5% CT 30 DT 6 vs. 3.5% CT 45 DT 60 
2.5% CT 30 DT 6 vs. 3.5% CT 30 DT 60 
2.5% CT 30 DT 6 vs. 2% CT 30 DT 40 
2.5% CT 30 DT 6 vs. 2% CT 45 DT 40 
2.5% CT 30 DT 6 vs. 3.5% CT 45 DT 40 
3.5% CT 45 DT 4 vs. 3% CT 30 DT 40 
3.5% CT 45 DT 4 vs. 3% CT 45 DT 40 
3.5% CT 45 DT 4 vs. 3% CT 30 DT 60 
3.5% CT 45 DT 4 vs. 3.5% CT 15 DT 60 
3,5% CT 45 DT 4 vs. 3.5% CT 15 DT 40 
3.5% CT 45 DT 4 vs. 3% CT 45 DT 60 
3.5% CT 45 DT 4 vs. 3.5% CT 45 DT 60 
3.5% CT 45 DT 4 vs. 3.5% CT 30 DT 60 
3.5% CT 45 DT 4 vs. 2% CT 30 DT 40 
3.5% CT 45 DT 4 vs. 2% CT 45 DT 40 
2% CT 45 DT 40 vs. 3% CT 30 DT 40 
2% CT 45 DT 40 vs. 3% CT 45 DT 40 

2.157 No 
1.406 No 
1.315 -No 
1~312 No 
1.112 No 
0.171 No 
0.145 No 
0.0879 No 
5.280 Yes 
4.975 Yes 
3.532 No 
2.860 No 
2.275 No 
2.069 No 
1.328 No 
1.427 No 
1.218 No 
1.024 No 
0.0925 No 
0.0569 No 
5.223 Yes 
4.918 Yes 
3.475 No 
2.803 No 
2.219 No 
2.012 No 
1.277 No 
1.370 No 
1.157 No 
0.967 No 
0.0416 No 
4.630 No 
4.357 No 
3.067 No 
2.465 No 
1.943 No 
1.758 No 
1.127 No 
1.184 N o  
0.976 No 
0.823 No 
4.256 N o  
3.951 No 
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Cornparison Diff of Means P q P~0.05 
2% CT 45 DT 40 vs. 3% CT 30 DT 60 
.2% CT 45 DT 40 vs. 3.5% CT 15 DT 60 
2%CT 45 DT 40 vs. 3.5% CT 15 DT 40 
2% CT 45 DT 40 vs. 3% CT 45 DT 60 
2% CT 45 DT 40 vs. 3.5% CT 45 DT 60 
2% CT 45 DT 40 vs. 3.5% CT 30 DT 60 
2% CT 45 DT 40 vs. 2% CT 30 DT 40 
2% CT 30 DT 40 vs. 3% CT 30 DT 40 
2% CT 30 DT 40 vs. 3% CT 45 DT 40 
2% CT 30 DT 40 vs. 3% CT 30 DT 60 
2% CT 30 DT 40 vs. 3.5% CT 15 DT 60 
2% CT 30 DT40vs. 3.5% CT 15 DT40 

., 2% CT 30 DT 40 vs. 3% CT 45 DT 60 
2% CT 30 DT 40 vs. 3.5% CT 45 DT 60 
2% CT 30 DT 40 vs. 3.5% CT 30 DT 60 
3.5% CT 30 DT 6 vs. 3% CT 30 DT 40 
3.5% CT 30 DT6 vs. 3% CT45 DT40 
3.5% CT 30 DT 6 vs. 3% CT 30 DT 60 
3.5% CT 30 DT 6 vs. 3.5% CT 15 DT 60 
3.5% CT 30 DT 6 vs. 3.5% CT 15 DT 40 
3.5% CT 30 DT 6 vs. 3% CT 45 DT 60 
3.5% CT 30 DT 6 vs. 3.5% CT 45 DT 60 
3.5% CT 45 DT 6 vs. 3% CT 30 DT 40 
3.5% CT 45 DT 6 vs. 3% CT 45 DT 40 
3.5% CT 45 DT 6 vs. 3% CT 30 DT 60 
3.5% CT 45 DT 6 vs. 3.5% CT 15 DT 60 
3.5% CT 45 DT 6 vs. 3.5% CT 15 DT 40 
3.5% CT 45 DT 6 vs. 3% CT 45 DT 60 
3% CT 45 DT 60 vs. 3% CT 30 DT 40 
3% CT 45 DT 60 vs. 3% CT 45 DT 40 
3% CT 45 DT 60 vs. 3% CT 30 DT 60 
3% CT 45 DT 60 vs. 3.5% CT 15 DT 60 
3% CT 45 DT 60 vs. 3.5% CT 15 DT 40 
3.5% CT 15 DT 4 vs. 3% CT 30 DT 40 
3.5% CT 15 DT 4 vs. 3% CT 45 DT 40 
3.5% CT 15 DT 4 vs. 3% CT 30 DT 60 
3.5% CT 15 DT 4 vs. 3.5% CT 15 DT 60 
3.5% CT 15 DT 6 vs. 3% CT 30 DT 40 
3.5% CT 15 DT 6 vs. 3% CT 45 DT 40 
3.5% CT 15 DT 6 vs. 3% CT 30 DT 60 
3% CT 30 DT 60 vs. 3% CT 30 DT 40 
3% CT 30 DT 60 vs. 3% CT 45 DT 40 

' 3% CT 45 DT 40 vs. 3% CT 30 DT 40 
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