
 

 

 

 

 

 

 

 

 

Copyright 

by 

Sumalee Thitinan 

2011 

 

 

  



The Dissertation Committee for Sumalee Thitinan Certifies that this is the approved 
version of the following dissertation: 

 

 

DEVELOPMENT OF MULTIPLE DOSE PLATFORMS FOR ORAL 

DRUG DELIVERY 

 

 

 

 

 
Committee: 
 

Jason T. McConville, Supervisor 

James W. McGinity 

Robert O. Williams, III 

Christopher R. Frei 

Krishnendu Roy 



DEVELOPMENT OF MULTIPLE DOSE PLATFORMS FOR ORAL 

DRUG DELIVERY 

 

 

by 

Sumalee Thitinan, B.S. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

December 2011 



Dedication 

 

To my family for their unconditional love and support. 

 

 



 v

Acknowledgements 

 

This successful dissertation was conducted during my Ph.D. years at The 

University of Texas at Austin.  By that time, I have experienced and worked with a 

number of people whose contribution in assorted ways to this dissertation.  It is an honor 

for me to convey my gratitude to them all in my humble acknowledgement. 

First and foremost, I wish to express my appreciation and gratitude to my advisor, 

Dr. Jason T. McConville for offering this research opportunity.  His patience, 

encouragement and enthusiastic guidance have been unbelievably helpful and 

motivational.  Without his mentoring and knowledge, I never would have accomplished 

this major milestone in my life. 

Besides my advisor, I would also like to express my sincere gratitude to my 

dissertation committee members, Dr. James W. McGinity, Dr. Robert O. Williams, III, 

Dr. Christopher R. Frei and Dr. Krishnendu Roy.  Their insights and constructive 

comments on my work have been greatly appreciated and improved the quality of this 

dissertation. 

I would also like to acknowledge the faculty and staff in the College of Pharmacy.  

In particular, I would like to convey thanks to Dr. Carlton K. Erickson for always being 

kind and supportive.  I would also like to express my thanks to Ms. Mickie Sheppard for 

her incredible help and facilitating my graduate career.  I would like to extend my thanks 

to Ms. Yolanda Abasta, Ms. Stephanie Crouch, Mr. James Baker, Mr. Joe D. Adcock, 

Ms. Joyce McClendon and Mr. Jay Hamman for their valuable assistance and support. 

I would also like to thank my fellow graduate students for their friendship, 

generosity, assistance and guidance.  In particular, I would like to thank Dr. Yoen Ju Son, 



 vi

Mr. Shih-Fan Jang, Mr. Thiago Carvalho, Mr. Javier O. Morales, Mrs. Simone Raffa 

Carvalho, Dr. Ashkan Yazdi and Mrs. Ping Du for all of their assistance and invaluable 

scientific discussion and for all the fun we have had in the last four years.  I would also 

like to express my special thanks to Shih-Fan who became my lab-mate and has been a 

great friend for me.  I am also grateful to Ross T. Phan for her assistance during her 

Pharm.D./Ph.D. research rotation.  Many thanks also to all of the past and present 

graduate students Dr. Dorothea Sauer, Dr. Caroline Bruce, Ms. Loni Coots, Dr. Sandra 

Schilling, Dr. Wei Yang, Dr. Jim DiNunzio, Dr. Alan Watts, Dr. Nicole Nelson, Mr. 

Kevin O’Donnell, Ms. Stephanie Bosselmann, Mr. Bo Lang, Ms. Hélène Dugas, Mr. 

Justin Hughey, Mr. Ryan C. Bennet, Mr. Justin Keen, Mr. Yi-Bo Wang, Mr. John Yang, 

Mr. Ju Du, Ms. Letty Rodriguez, Ms. Xinran Li, Mr. Michael Sandoval, Mr. Amit 

Kumar, Mr. Jin Huk Choi, Dr. Joseph Dekker, and many others. 

I would like to convey special acknowledgement to the Government of 

Pharmaceutical Organization (GPO) in Thailand for the financial support during my 

Ph.D. career. 

I would also like to acknowledge with tremendous and deep thanks Dr. Rangsan 

Wongjeeraphat, Dr. Bodin Tuesuwan and Dr. Piyanuch Wonganan for their assistance 

and mentorship throughout the years. 

I am extremely fortunate in having Mr. Peera Chatchaiwong and Ms. Wararat 

Limothai as my best friends.  I am truly appreciative for their endless friendship, 

encouragement and support. 

Last but definitely not least, I would like to express my deepest love and 

appreciation to my beloved parents, brothers, and sister for their unconditional unending 

love and support throughout my life. 



 vii

DEVELOPMENT OF MULTIPLE DOSE PLATFORMS FOR ORAL 
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Supervisor:  Jason T. McConville 

 

Multiple dose regimens are frequently required to optimize therapy; however, 

such therapy is frequently undermined by poor patient adherence.  In fact, patient 

adherence is inversely related to the number of doses a patient is asked to take each drug.  

Consequently, great efforts are under way to develop drug delivery systems that are able 

to release drugs over an extended time interval; this could offer considerable benefits 

including reducing administration frequency.  This dissertation describes multiple dose 

platforms designed to deliver a variety of drugs as a single oral administration are 

described in this dissertation.  We believe these drug delivery systems can be used to 

enhance patient compliance and achieve better therapeutic outcomes.  We developed and 

tested a novel gastroretentive pulsatile drug delivery platform.  This platform could 

deliver multiple unit doses of a drug in a pulsatile pattern and be controlled by 

dissolution/erosion of a lag-time interval layer.  The platform was designed to be retained 

in the stomach whilst pulsing drug at various timed intervals.  This would allow each 

dose of the drug to release above or within an optimized absorption window over an 

extended period of time.  To assure the robustness and reproducibility of the platform, 

various in vitro dissolution studies and physical stability tests were performed and 

evaluated through drug release characteristics, buoyancy, and structural integrity 
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evaluations.  The applicability of the novel multiple dose platform was demonstrated by 

providing repeated release profiles of ciprofloxacin and verapamil in a single, once-daily 

delivery system.  Ultimately, this dissertation demonstrates that a novel multiple dose 

platform could be a suitable alternative dosing strategy for a variety of drugs to improve 

patient adherence and treatment efficacy. 



 ix

Table of Contents 

List of Tables ....................................................................................................... xvi 

List of Figures ...................................................................................................... xix 

Chapter 1:  Introduction ...........................................................................................1 

1.1  Background and Significances ...............................................................1 

1.2  Multiple Dose Regimens ........................................................................3 

1.3  Pulsatile Drug Delivery..........................................................................6 

1.3.1  Dosage form design considerations .............................................7 

1.3.2  Benefits of pulsed release ............................................................7 

1.3.2.1  Reduced dose frequency .................................................8 

1.3.2.2  Absorption enhancement ................................................8 

1.3.2.3  Avoiding pharmacological tolerance .............................9 

1.3.2.4  Time-specific drug delivery ...........................................9 

1.4  Multi-Pulsatile Drug Delivery Systems ...............................................12 

1.4.1  Multi-pulsatile drug delivery formulations ...............................13 

1.4.2  Formulation strategies of multi-pulsatile drug delivery ............13 

1.4.2.1  Swelling mechanisms ...................................................13 

1.4.2.2  Erosion/degradation .....................................................18 

1.5  Gastrointestinal Transit Time of Pharmaceutical Dosage Forms ........23 

1.5.1  Conventional dosage forms .......................................................23 

1.5.2  Gastroretentive dosage forms ....................................................24 

1.6  Gastroretentive Dosage Forms for Multi-Pulsatile Drug Delivery ......26 

1.6.1  Benefits of gastroretention ........................................................26 

1.6.1.1  Local treatment in the stomach ....................................26 

1.6.1.2  Site specific drug delivery ............................................26 

1.6.1.3  Avoiding poor drug stability in the distal GI tract .......26 

1.6.1.4  Avoiding low drug solubility in the lower GI tract ......27 

1.6.1.5  Reduced disturbance of normal colonic bacteria .........27 

1.6.2  Physiological considerations .....................................................27 



 x

1.6.2.1  The stomach .................................................................27 

1.6.2.2  Gastric motility .............................................................28 

1.6.2.3  Gastric pH ....................................................................36 

1.6.2.4  Gastric content volume .................................................37 

1.6.3  Gastroretention approaches .......................................................38 

1.6.3.1  Swelling systems ..........................................................38 

1.6.3.2  Bioadhesive or mucoadhesive systems ........................39 

1.6.3.3  Floating systems ...........................................................40 

1.6.4  Current gastroretentive dosage forms for multi-pulsatile drug 
delivery ......................................................................................43 

1.7  Conclusion ...........................................................................................45 

1.8  References ............................................................................................47 

Chapter 2:  Research Outline .................................................................................61 

2.1  Overall Objective .................................................................................61 

2.2  Supporting Objectives ..........................................................................62 

2.2.1  Development of a Gastroretentive Dosage Form for Pulsatile 
Drug Delivery ............................................................................62 

2.2.2  Optimization of the Gastroretentive Multi-Pulsatile Capsules ..62 

2.2.3  In Vitro Performance Testing of the Gastroretentive Multi-
Pulsatile Capsule .......................................................................63 

2.2.4  Clinically Relevant Gastroretentive Multi-Pulsatile 
Formulation Design for Once-Daily Administration ................63 

Chapter 3:  Development of a Gastroretentive Dosage Form for Pulsatile Drug 
Delivery.........................................................................................................65 

3.1  Introduction ..........................................................................................66 

3.2  Materials ..............................................................................................68 

3.3  Methods................................................................................................69 

3.3.1  Preparation of gastric fluid impermeable capsule bodies ..........69 

3.3.1.1  Ethylcellulose (EC) capsule bodies ..............................69 

3.3.1.2  Enteric capsule bodies ..................................................69 

3.3.2  Acid/water permeability evaluation ..........................................70 



 xi

3.3.3  Buoyancy and optimal loading capacity ...................................70 

3.3.4  Gastric retention modeling study of floating devices ................74 

3.3.5  Manufacture of gastroretentive pulsatile drug delivery 
platforms ....................................................................................75 

3.3.5.1  Preparation of model theophylline tablets ....................75 

3.3.5.2  Preparation of lag-time tablets .....................................75 

3.3.5.3  Preparation of spacer tablets ........................................76 

3.3.5.4  Physical testing of tablets .............................................76 

3.3.5.5  Assembly of gastroretentive pulsatile drug delivery 
platforms ............................................................................77 

3.3.6  Dissolution of gastroretentive pulsatile drug delivery 
platforms ....................................................................................78 

3.3.7  Floating characteristics ..............................................................78 

3.3.8  Statistical analysis .....................................................................79 

3.4  Results and Discussion ........................................................................79 

3.4.1  Preparation of gastric fluid impermeable capsule bodies ..........79 

3.4.1.1  Ethylcellulose (EC) capsule bodies ..............................80 

3.4.1.2  Enteric capsule bodies ..................................................82 

3.4.2  Acid/water permeability evaluation ..........................................86 

3.4.2.1  Ethylcellulose (EC) capsule bodies ..............................86 

3.4.2.2  Enteric capsule bodies ..................................................87 

3.4.3  Buoyancy and optimal loading capacity ...................................87 

3.4.4  Gastric retention modeling study of floating devices ................92 

3.4.5  Manufacture of gastroretentive pulsatile drug delivery 
platforms ....................................................................................97 

3.4.6  Dissolution of gastroretentive pulsatile drug delivery 
platforms ....................................................................................99 

3.4.7  Floating characteristics ............................................................104 

3.5  Conclusion .........................................................................................106 

3.6  References ..........................................................................................107 



 xii

Chapter 4:  Optimization of the Gastroretentive Multi-Pulsatile Capsules .........114 

4.1  Introduction ........................................................................................114 

4.2  Materials ............................................................................................116 

4.3  Methods..............................................................................................117 

4.3.1  Manufacture of multiple dose platforms .................................117 

4.3.1.1  Preparation of impermeable capsule bodies ...............117 

4.3.1.2  Capsule acid and water uptake resistance testing .......118 

4.3.1.3  Preparation of theophylline tablets .............................118 

4.3.1.4  Preparation of lag-time tablets ...................................119 

4.3.1.5  Preparation of spacer tablets ......................................120 

4.3.1.6  Fabrication of multiple dose platforms ......................120 

4.3.2  Dissolution study .....................................................................123 

4.3.2.1  Influence of polymer viscosity ...................................124 

4.3.2.2  Influence of polymer content .....................................124 

4.3.2.3  Influence of lag-time tablet weight ............................124 

4.3.2.4  Influence of spacer tablet ...........................................124 

4.3.2.5  Influence of spacer tablet composition .......................125 

4.3.2.6  Two-pulse release with a lag-time interval of 12 
hours .................................................................................125 

4.3.2.7  Three-pulse release with a lag-time interval of 8 
hours .................................................................................125 

4.3.3  Buoyancy study .......................................................................125 

4.3.4  Statistical data analysis ............................................................126 

4.4  Results and Discussion ......................................................................126 

4.4.1  Manufacture of multiple dose platforms .................................126 

4.4.1.1  Preparation of impermeable capsule bodies ...............126 

4.4.1.2  Fabrication of multiple dose platforms ......................127 

4.4.2  Dissolution study .....................................................................128 

4.4.2.1  Influence of polymer viscosity ...................................129 

4.4.2.2  Influence of polymer content .....................................129 

4.4.2.3  Influence of lag-time tablet weight ............................130 



 xiii

4.4.2.4  Influence of spacer tablet ...........................................135 

4.4.2.5  Influence of spacer tablet composition .......................135 

4.4.2.6  Two-pulse release with a lag-time interval of 12 
hours .................................................................................138 

4.4.2.7  Three-pulse release with a lag-time interval of 8 
hours .................................................................................140 

4.4.3  Buoyancy study .......................................................................144 

4.5  Conclusion .........................................................................................145 

4.6  References ..........................................................................................146 

Chapter 5:  In Vitro Performance Testing of the Gastroretentive Multi-Pulsatile 
Capsule ........................................................................................................150 

5.1  Introduction ........................................................................................150 

5.2  Materials ............................................................................................152 

5.3  Methods..............................................................................................152 

5.3.1  Manufacture of two-pulse release capsule ..............................152 

5.3.1.1  Preparation of theophylline tablets .............................152 

5.3.1.2  Preparation of lag-time tablets ...................................153 

5.3.1.3  Preparation of spacer tablets ......................................153 

5.3.1.4  Physical testing of tablets ...........................................153 

5.3.1.5  Assembly of two-pulse release capsule ......................154 

5.3.2  Dissolution study .....................................................................155 

5.3.2.1  Influence of dissolution medium ................................155 

5.3.2.2  Influence of hydrodynamic conditions .......................156 

5.3.2.3  The effect of alcohol (ethanol) on the dissolution of 
two-pulse capsules ...........................................................156 

5.3.2.4  Dissolution after friability ..........................................157 

5.3.3  Physical stability studies .........................................................157 

5.3.4  Buoyancy studies .....................................................................158 

5.3.5  Statistical data analysis ............................................................158 

5.4  Results and Discussion ......................................................................159 

5.4.1  Manufacture of two-pulse release capsule ..............................159 



 xiv

5.4.2  Dissolution study .....................................................................161 

5.4.2.1  Influence of dissolution medium ................................162 

5.4.2.1  Influence of hydrodynamic conditions .......................164 

5.4.2.3  The effect of alcohol (ethanol) on the dissolution of 
two-pulse capsules ...........................................................165 

5.4.2.4  Dissolution after friability ..........................................170 

5.4.3  Physical stability studies .........................................................171 

5.4.4  Buoyancy studies .....................................................................172 

5.5  Conclusion .........................................................................................174 

5.6  References ..........................................................................................175 

Chapter 6:  Clinically Relevant Gastroretentive Multi-Pulsatile Formulation 
Design for Once-Daily Administration .......................................................180 

6.1  Introduction ........................................................................................180 

6.2  Materials ............................................................................................190 

6.3  Methods..............................................................................................190 

6.3.1  Manufacture of multiple dose platforms .................................190 

6.3.1.1  Preparation of impermeable capsule body .................190 

6.3.1.2  Preparation of drug tablets .........................................191 

6.3.1.3  Preparation of lag-time tablets ...................................193 

6.3.1.4  Preparation of spacer tablets ......................................193 

6.3.1.5  Physical characteristics of tablets ...............................193 

6.3.1.6  Fabrication of multiple dose platforms ......................194 

6.3.2  Dissolution study .....................................................................196 

6.3.3  Buoyancy studies .....................................................................197 

6.4  Results and Discussion ......................................................................197 

6.4.1  Manufacture of multiple dose platforms .................................197 

6.4.1.1  Preparation of impermeable capsule body .................197 

6.4.1.2  Physical characteristics of tablets ...............................198 

6.4.1.3  Fabrication of multiple dose platforms ......................198 

6.4.2  Dissolution study .....................................................................199 

6.4.2.1  Two-pulse ciprofloxacin capsules ..............................200 



 xv

6.4.2.2  Three-pulse verapamil capsules .................................202 

6.4.3  Buoyancy studies .....................................................................205 

6.5  Conclusion .........................................................................................206 

6.6  References ..........................................................................................208 

Chapter 7:  Dissertation Conclusion ....................................................................216 

Appendix:  A Rapidly Disintegrating Tablet for Targeted Oral Drug Delivery ..219 

A.1  Introduction ........................................................................................219 

A.2  Materials ............................................................................................219 

A.3  Methods..............................................................................................220 

A.3.1  Preparation of theophylline core tablets ..................................220 

A.3.2  Physical testing of theophylline core tablets ...........................221 

A.3.3  Dissolution study .....................................................................221 

A.3.4  Preparation of enteric coated theophylline tablets ..................221 

A.3.5  Acid uptake and enteric performance of enteric coated 
theophylline tablets ..................................................................221 

A.4  Results and Discussion ......................................................................223 

A.5  Conclusion .........................................................................................225 

A.6  References ..........................................................................................227 

Bibliography ........................................................................................................228 

Vita… ...................................................................................................................245 



 xvi

List of Tables 

Table 1.1:  Concept of chronotherapeutics. ........................................................11 

Table 1.2:  Multi-pulsatile drug delivery systems: swelling mechanisms. .........17 

Table 1.3:  Multi-pulsatile drug delivery systems: erosion/degradation 

mechanisms. ......................................................................................22 

Table 1.4:  Gastroretentive products available in the market. .............................25 

Table 1.5:  Characteristics of pyloric aperture (PA) at various states [110]. ......34 

Table 1.6:  Gastric pH and time after meal to return closely to the base line 

pH between young and elderly subjects presented as a median 

value (interquartile range) [112]. ......................................................36 

Table 1.7:  Floating pulsatile drug delivery systems for chronotherapy. ............41 

Table 1.8:  Multiple dose delivery of gastroretentive pulsatile drug delivery 

systems. .............................................................................................43 

Table 1.9:  Challenges in development of multi-pulsatile drug delivery 

system. ..............................................................................................45 

Table 3.1:  Formulations of lag-time tablets. ......................................................76 

Table 3.2:  Ethylcellulose (EC) capsule body weight and resistance time from 

acid/water permeability (n = 6). ........................................................81 

Table 3.3:  Effect of coating solution concentrations on the appearance of the 

ethylcellulose (EC) coated gelatin body. ..........................................82 

Table 3.4:  Enteric capsule body weight and resistance time from acid/water 

permeability (n = 6). .........................................................................84 

Table 3.5:  Buoyancy parameters of the investigated floating capsule bodies. ..91 



 xvii

Table 3.6:  Gastric retention modeling study of floating capsule bodies on 

horizontal shaker at 100 rpm for 3 hours (n = 3). .............................95 

Table 3.7:  Physical characterizations of the tablets assembled in the 

gastroretentive pulsatile drug delivery platforms. ............................98 

Table 3.8:  Effect of polymer type and concentration in the lag-time tablet on 

the time of 50% drug release (T50%). ..............................................103 

Table 3.9:  Buoyancy parameters of the floating pulsatile capsules for all 

formulations of gastroretentive pulsatile drug delivery platforms. .105 

Table 4.1:  Formulations of two-pulse platforms. .............................................119 

Table 4.2:  Formulations of three-pulse platforms. ...........................................120 

Table 4.3:  Physical properties of capsule bodies (n = 6). ................................127 

Table 4.4:  Buoyancy parameters of the floating multi-pulsatile capsules 

(FMPCs) for all investigated formulations. ....................................144 

Table 5.1:  Physical characterization of the tablets assembled in the two-pulse 

platforms. ........................................................................................160 

Table 5.2:  Influence of in vitro conditions on T50% of two-pulse release 

capsules (mean ± SD, n = 6). ..........................................................163 

Table 5.3:  Influence of alcohol content on the solubility of theophylline 

(mean ± SD, n = 6). .........................................................................167 

Table 5.4:  Physical stability studies on drug release, lag-times and T50% of 

the two-pulse release capsules (n = 6). ...........................................171 

Table 5.5:  Buoyancy parameters of floating multi-pulsatile capsules of two-

pulse release capsules. ....................................................................172 

Table 6.1:  Compositions of prepared drug, lag-time, and spacer tablets. ........192 



 xviii

Table 6.2:  Physical characterizations of the tablets assembled in the two-

pulse ciprofloxacin capsules (mean ± SD, n = 6). ..........................192 

Table 6.3:  Physical characterizations of the tablets assembled in the three-

pulse verapamil capsules (mean ± SD, n = 6). ................................192 

Table 6.4:  Drug release characteristics of multiple dose platforms (mean ± 

SD, n = 6). .......................................................................................200 

Table 6.5:  Buoyancy parameters of floating multi-pulsatile capsules for two-

pulse ciprofloxacin capsules and three-pulse verapamil capsules. .206 

Table A.1:  Composition of theophylline core tablets. ......................................220 

Table A.2:  Coating process conditions for enteric coating. ..............................222 

Table A.3:  Average disintegration time of theophylline tablets (n = 12). ........223 

Table A.4:  Enteric performance of enteric coated theophylline tablets (n = 6).225 



 xix

List of Figures 

Figure 1.1:  Plasma drug concentration (Cp) over time after oral drug 

administration of multiple dose regimens: (Cp)ss max = maximum 

plasma drug concentration at steady state, (Cp)ss min = minimum 

plasma drug concentration at steady state, τ = dosing interval. ..........4 

Figure 1.2:  Effect of medication dosing frequency on patient adherence in 

chronic diseases: thrice-daily (TID) and once-daily (OD) [11-15]. ...5 

Figure 1.3:  Osmotic gradient, multilayer tablet of the Concerta tablet. ..............14 

Figure 1.4:  Osmotic bursting device of the TES. ................................................15 

Figure 1.5:  The PORT System® for two drug doses. ..........................................16 

Figure 1.6:  The three-dimensional printing technology of the dual pulsatile 

tablet. .................................................................................................20 

Figure 1.7:  Three layer tablet for two-pulse release. ...........................................20 

Figure 1.8:  Structure of the stomach. ..................................................................28 

Figure 1.9:  Gastric motility patterns in the fasted and fed states. .......................29 

Figure 1.10: Contraction pattern of pyloric cycle: after a peristaltic contraction 

commencement peristaltic wave stops at curved arrows and the 

region between the curved arrows and PA (pyloric aperture) is 

PSC (pyloric sphincteric cylinder): S (stomach), DB (duodenum 

bulb), PR (pyloric ring) adapted from reference [110]. ....................33 



 xx

Figure 1.11: Contraction pattern of pyloric cycle: at maximal contraction of 

PSC (pyloric sphincteric cylinder) with formation of PC (pyloric 

canal) and closing of PA (pyloric aperture): S (stomach), DB 

(duodenum bulb), MC (muscular contraction) adapted from 

reference [110]. .................................................................................33 

Figure 3.1:  Acid/water permeability evaluation. .................................................70 

Figure 3.2:  Stable position (vertical orientation) relative to water line (blue 

line) of floating capsule body containing tablet inside:  = center 

of buoyancy,  = center of gravity,  = metacenter,  = center 

of gravity of impermeable capsule body,  = center of gravity of 

tablet,  = depth of immersion,  = radius of impermeable 

capsule body,  = lenght of impermeable capsule body and  = 

height of tablet (modified from reference [34, 35]). .........................72 

Figure 3.3:  Configuration of the novel gastroretentive pulsatile drug delivery 

platform. ............................................................................................78 

Figure 3.4:  Influence of plasticizer (triethyl citrate; TEC) on enteric capsule 

body weights. ....................................................................................85 

Figure 3.5:  Appearance of capsule bodies: (A) enteric (Eudragit® L100-55) 

capsule body, (B) enteric (Eudragit® S100) capsule body and (C) 

gelatin capsule body. .........................................................................85 

Figure 3.6:  Three possible floating orientations of the floating device relative 

to the water line (blue dashed)− : center of buoyancy and : 

center of gravity. ...............................................................................88 



 xxi

Figure 3.7:  Metacentric height (  distance) of a floating device composed 

of an impermeable capsule body, a tablet positioned flush with the 

end of the impermeable capsule body, and an air sealed in the 

innermost portion of the impermeable capsule body: (A) at the 

vertical position and (B) after tilting. ................................................89 

Figure 3.8:  Behavior of floating capsule bodies in supine flask on horizontal 

shaker at 100 rpm. .............................................................................96 

Figure 3.9:  Dissolution profiles from the capsules of F1, F2, and F3 which 

fitted with 100 mg lag-time tablet containing 40 % w/w (×), 60% 

w/w (□), and 80% w/w (○) Polyox® WSR N-750 respectively; (n 

= 6, error bars represent the standard deviation).............................101 

Figure 3.10: Dissolution profiles from the capsules of F4, F5, and F6 which 

fitted with 100 mg lag-time tablet containing 40% w/w (×), 60% 

w/w (□), and 80% w/w (○) Polyox® WSR 205 respectively; (n = 

6, error bars represent the standard deviation). ...............................101 

Figure 3.11: Dissolution profiles from the capsules of F7, F8, and F9 which 

fitted with 100 mg lag-time tablet containing 20% w/w (◊), 40% 

w/w (×), and 60% w/w (□) Methocel® E50 LV respectively; (n = 

6, error bars represent the standard deviation). ...............................102 

Figure 3.12: Dissolution profiles from the capsules of F10, F11, and F12 which 

fitted with 100 mg lag-time tablet containing 20% w/w (◊), 40% 

w/w (×), and 60% w/w (□) Methocel® K100 LV respectively; (n 

= 6, error bars represent the standard deviation).............................102 



 xxii

Figure 4.1:  Configuration of two-pulse platform without thin spacer tablet: (a) 

lag-time tablet; (b) second pulse theophylline tablet; (c) thick 

spacer tablet; (d) air; (e) impermeable capsule body; (f) first pulse 

theophylline tablet; (g) gelatin cap. ................................................121 

Figure 4.2:  Configuration of two-pulse platform with thin spacer tablet: (a) 

lag-time tablet; (b) thin spacer tablet; (c) second pulse 

theophylline tablet; (d) thick spacer tablet; (e) air; (f) 

impermeable capsule body; (g) first pulse theophylline tablet; (h) 

gelatin cap. ......................................................................................122 

Figure 4.3:  Configuration of three-pulse platform without thin spacer tablets: 

(a) first lag-time tablet; (b) second pulse theophylline tablet; (c) 

second lag-time tablet; (d) third pulse theophylline tablet; (e) 

thick spacer tablet; (f) air; (g) impermeable capsule body; (h) first 

pulse theophylline tablet; (i) gelatin cap. ........................................122 

Figure 4.4:  Configuration of three-pulse platform with thin spacer tablets: (a) 

first lag-time tablet; (b) first thin spacer tablet; (c) second pulse 

theophylline tablet; (d) second lag-time tablet; (e) second thin 

spacer tablet (f) third pulse theophylline tablet; (g) thick spacer 

tablet; (h) air; (i) impermeable capsule body; (j) first pulse 

theophylline tablet; (k) gelatin cap. ................................................123 

Figure 4.5:  Influence of polymer viscosity in the lag-time tablet on (A) drug 

release and (B) T50% from two-pulse platforms fitted with the 100 

mg lag-time tablet containing (×) 100% w/w Polyox® WSR N-

750 and (○) 100% w/w Polyox® WSR 205; n = 6, error bars 

represent the standard deviation. .....................................................131 



 xxiii

Figure 4.6:  Influence of polymer content in the lag-time tablet on (A) drug 

release and (B) T50% from two-pulse platforms fitted with the 100 

mg lag-time tablet containing (×) 20% w/w, (□) 40% w/w, and 

(○) 50% w/w Methocel® E50 LV; n = 6, error bars represent the 

standard deviation. ..........................................................................132 

Figure 4.7:  Influence of polymer content on (A) drug release and (B) T50% 

from three-pulse platforms comprising the 100 mg lag-time 

tablets containing (○) 20% and (□) 50% w/w Polyox® WSR N-

750; n = 6, error bars represent the standard deviation. ..................133 

Figure 4.8:  Influence of lag-time tablet weight on (A) drug release and (B) 

T50% from two-pulse platforms fitted with the (×) 95, (□) 110, and 

(○) 140 mg lag-time tablet containing 20% w/w Methocel® K100 

LV; n = 6, error bars represent the standard deviation. ..................134 

Figure 4.9:  Influence of thin spacer tablet between drug tablet and lag-time 

tablet inside the impermeable capsule body on (A) drug release 

and (B) T50% from two-pulse platforms fitted with the 100 mg lag-

time tablet containing 100% w/w Polyox® WSR 205: (□) 50 mg 

and (◊) 100 mg spacer tablet with 3% w/w croscarmellose 

sodium; n = 6, error bars represent the standard deviation. ............136 

Figure 4.10:  Influence of spacer tablet composition on (A) drug release and (B) 

T50% from two-pulse platforms fitted with the 100 mg lag-time 

tablet containing 100% w/w Polyox® WSR 205: 50 mg spacer 

tablet (□) with 3% w/w croscarmellose sodium and (×) without 

croscarmellose sodium; n = 6, error bars represent the standard 

deviation. .........................................................................................137 



 xxiv

Figure 4.11: Two-pulse release with a lag-time interval of 12 hours from two-

pulse platforms: (A) fitted with a 100 mg lag-time tablet 

containing 45% w/w Methocel® E50 LV and comprising a 50 mg 

spacer tablet with 3% w/w croscarmellose sodium; (B) fitted with 

a 100 mg lag-time tablet containing 40% w/w Methocel® K100 

LV and comprising a 50 mg spacer tablet with 3% w/w 

croscarmellose sodium; (C) T50% from these two-pulse platforms; 

n = 6, error bars represent the standard deviation. ..........................140 

Figure 4.12: Three-pulse release with a lag-time interval of 8 hours from three-

pulse platforms comprising the thin spacer tablets with 3% w/w 

croscarmellose sodium: (A) 1st lag-time tablet: 100 mg of 80% 

w/w Polyox® WSR N-750 and 2nd lag-time tablet: 100 mg of 30% 

w/w Polyox® WSR N-750; (B) 1st lag-time tablet: 75 mg of 100% 

w/w Polyox® WSR 205 and 2nd lag-time tablet: 50 mg of 50% 

w/w Polyox® WSR 205; (C) 1st lag-time tablet: 100 mg of 25% 

w/w Methocel® K100 LV and 2nd lag-time tablet: 50 mg of 15% 

w/w Methocel® K100 LV; (D) T50% from these three-pulse 

platforms; n = 6, error bars represent the standard deviation. ........143 

Figure 5.1:  Configuration of two-pulse platform. .............................................155 

Figure 5.2:  Influence of dissolution medium on drug release at rotation rate 

50 rpm from two-pulse release capsules (mean ± SD, n = 6). ........163 

Figure 5.3:  Influence of hydrodynamic conditions on drug release in 0.1N 

HCl buffer solution from two-pulse release capsules (mean ± SD, 

n = 6). ..............................................................................................165 



 xxv

Figure 5.4:  Alcohol effect on structural integrity of ethylcellulose (EC) 

capsule body with the average weight of 56 mg: (A) at start and 

(B) after submersing in 0.1N HCl buffer solution containing 40% 

v/v alcohol for 0.5 hour. ..................................................................166 

Figure 5.5:  Influence of alcohol on drug release of two-pulse release capsules 

at rotation rate 50 rpm (mean ± SD, n = 6). ....................................168 

Figure 5.6:  Influence of friability test on drug release in 0.1N HCl buffer 

solution at rotation rate 50 rpm from two-pulse release capsules 

(mean ± SD, n = 6). .........................................................................170 

Figure 6.1:  Configuration of the two-pulse ciprofloxacin capsule. ...................195 

Figure 6.2:  Configuration of the three-pulse verapamil capsule. ......................196 

Figure 6.3:  Drug release in 0.1N HCl buffer solution (pH 1.2, 37 ± 0.5°C) at 

paddle speed 50 rpm from two-pulse ciprofloxacin capsules 

(mean ± SD, n = 6). .........................................................................201 

Figure 6.4:  Drug release in 0.1N HCl buffer solution (pH 1.2, 37 ± 0.5°C) at 

paddle speed 50 rpm from three-pulse verapamil capsules (mean ± 

SD, n = 6). .......................................................................................203 

Figure 6.5:  Plasma concentration of verapamil after administration 

conventional immediate release verapamil 80 mg every 8 hours 

starting at 8 AM and proposed dosing time of three-pulse 

verapamil capsule: adapted from reference [1]. ..............................205 

Figure A.1:  Dissolution profiles of theophylline tablets (n = 6). .......................224 

Figure A.2:  Dissolution profiles of enteric coated theophylline tablets in 

phosphate buffer pH 6.8 (n = 6). .....................................................225 
 



 1

Chapter 1:  Introduction 

Parts of this chapter were taken from: Sumalee Thitinan, Jason T. McConville 

(co-author), Pulsatile Drug Delivery, in Controlled Release in Oral Drug Delivery, Clive 

G. Wilson and Patrick J. Cowles (Eds.), 2011, Springer: 179-202.  As a co-author Dr. 

Jason T. McConville contributed his constructive comments on my work which have 

been improved the quality of this paper. 

1.1 BACKGROUND AND SIGNIFICANCES 

Multiple-daily doses are frequently required to optimize pharmacotherapy.  This 

is the case for many drug classes, including antibiotics-infective agents, cardiovascular 

drugs, anticonvulsants, and hormones.  The success or failure of said therapies is largely 

dependent on patient adherence to the prescribed regimens.  For antibiotics poor 

adherence may lead to both treatment failure and drug resistance thereby contributing to a 

major public health problem.  Moderation that can be administered once-daily may 

improve patient adherence and patient outcomes. 

With aimming to reduce dosing frequency of immediate release formulations and 

improve patient compliance along with optimizing drug efficacy or reducing adverse 

effects, development of oral drug delivery systems in past decades has been focused on 

constant or sustained release delivery.  Ideally, to optimize clinical effectiveness, drug 

plasma concentrations must be maintained within the therapeutic window (e.g., above the 

minimum effective concentration (MEC) and below the minimum toxic concentration 

(MTC)) without excessive fluctuation and/or drug accumulation (which might take it 

outside of the therapeutic window).  The oral controlled-release system shows a typical 

pattern of drug release in which the drug concentration is maintained in the therapeutic 

window for a prolonged period of time, thereby ensuring sustained therapeutic action.  
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This dosage form offers many advantages, such as nearly constant drug levels at the site 

of action, prevention of peak-valley fluctuations, reduction in dose of drug, avoidance of 

side effects, as well as reduced dosage frequency and improved patient compliance [1].  

However, the mechanisms and modes of drug action are such that systems providing 

constant and persistent plasma levels may not be optimally effective with some drugs and 

clinical conditions. 

Recently, it has been reported that the time of drug administration can play a key 

role in determining the efficacy and tolerability of a pharmacological therapy.  Indeed, 

the temporal rhythms of bodily functions have been shown to affect not only the 

incidence or severity of a number of disease conditions but also the pharmacokinetics as 

well as pharmacodynamics of most drugs in use [2-4].  In consequence, chronotherapy 

tailored to supply the patient with the appropriate dose of the required drug when this is 

especially needed is gaining increasing interest; which leads to increased efforts on 

systems that can deliver drug from a unit in concordance with such circadian rhythms.  In 

the past decade, oral pulsatile drug delivery systems, which are able to liberate a drug 

after a programmed lag phase initiating upon administration, have increasingly been 

suggested as a potentially suitable tool for meeting chronotherapeutic demands. Ideally 

these pulsatile drug delivery systems are in the form of conventional immediate release 

formulations that the patient may be familiar with [5]. 

Interestingly, oral pulsatile drug delivery systems designed to yield repeated 

release profiles, as a multi-pulsatile release regimen, could accomplish repeated and 

multiple-daily dosing regimens for certain drugs that are deemed failures as prolonged 

release formulations. This failure may be due to one or more of the following reasons: 

extensive first-pass metabolism, limited absorption window, or pharmacological 

tolerance (receptor tolerances e.g. nitrates and beta-blockers) [6-9]. 
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If drug absorption throughout the gastrointestinal (GI) tract is not limited, then the 

multi-pulsatile drug delivery systems might be a suitable alternative approach to deliver 

repeated doses of a drug as a single administration, this would undoubtedly have an 

impact on increasing patient adherence to several treatment regimens.  However, transit 

time of dosage form in the GI tract may become a challenge, particularly for several 

drugs that are preferentially absorbed from the upper GI tract.  Pulsatile delivery system 

may release drug at the correct time as programmed from the system, but drug may be 

released into a region of the GI tract where it is only poorly absorbed or worse not 

absorbed at all.  These considerations led to the development of oral pulsatile release 

dosage forms possessing gastric retention capabilities that would allow the systems to 

remain above or within the window of absorption, and extend the period of absorption of 

drugs exhibiting limited window of absorption in the GI tract. With the hope that 

targeting this window of absorption would lead to an improvement of the 

pharmacokinetic profiles, bioavailability, and subsequent therapeutic outcomes. 

This chapter discusses the potential, possibilities and limitation for multi-pulsatile 

drug delivery systems so that therapy can meet the above requirements.  Note that the 

whole idea is to incorporate multiple doses within a single delivery device, so when we 

consider increasing the frequency of dosing this does not mean that the patient will have 

to increase their dosing schedule (in fact the converse is the goal: the patient will perhaps 

have to take less medication orally). 

1.2 MULTIPLE DOSE REGIMENS 

Some medications can be administered as a single dose to relieve symptoms, 

these include: analgesics, hypnotics, and anti-emetics.  However, drugs are frequently 

prescribed as a repeated or multiple dose regimen in the treatments of several diseases 
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either being acute or chronic.  Use of this treatment strategy would allow an adequate and 

optimal drug concentration in body to prolong therapeutic activity of the drug.  Examples 

are anti-infective agents, anti-asthmatic drugs, cardiovascular drugs, and anti-epileptics to 

name a few, etc.  The reason behind this strategy is because after oral single dose drug 

administration, plasma drug level rises above MEC and then falls below the MEC after 

attain to the peak concentration due to elimination mechanism, leading to a decline in 

therapeutic activity which is often insufficient to recover from the disease (Figure 1.1) 

[10]. 

 

 

Figure 1.1: Plasma drug concentration (Cp) over time after oral drug administration of 
multiple dose regimens: (Cp)ss max = maximum plasma drug concentration 
at steady state, (Cp)ss min = minimum plasma drug concentration at steady 
state, τ = dosing interval. 

Typically, each successive dose(s) of drug are administered before the preceding 

doses are completely eliminated [10].  Accumulation of drug in the body would occur to 

yield a higher plasma drug concentration and continue to occur until a steady state is 

reached, at which time the rate of drug entry into the body is equal to rate of exit out of 
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the body.  At steady state, the plasma drug concentrations fluctuate between a minimum 

and a maximum value (Cp)ss min and (Cp)ss max respectively).  This steady state should 

be above MEC, but below MTC for effectiveness and safety. 

However, frequent dosing often leads to poor patient adherence with the 

medication, with the therapy often being less effective as a consequence.  Several studies 

have proved that once-daily dosing regimens in chronic diseases (e.g., diabetes [11], 

hypertension [12], heart failure [13], epilepsy [14] and migraine [15]) had more patient 

adherence compared with three-time daily dosing regimens as shown in Figure 1.2. 

 

 

Figure 1.2: Effect of medication dosing frequency on patient adherence in chronic 
diseases: thrice-daily (TID) and once-daily (OD) [11-15]. 

Additionally, a patient suffering from a chronic disease may be required to take at 

least one medication for prolonged periods of time.  Since comorbidity may further 

increase the number of needed drugs, the timing of drug regimen can be an additional 

burden, requiring the patient to live according to his or her medication schedule.  Less 

frequently dosed medications should be therefore considered to enhance patient 
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adherence to the treatment regimen and improve health outcomes.  Not only treatment 

failure, but the poor patient adherence to treatment alarmingly in infectious diseases such 

as HIV/AIDS, tuberculosis also leads to the possibility of drug resistances in the 

community which eventually becomes as a public health problem [16, 17]. 

1.3 PULSATILE DRUG DELIVERY 

Many early “controlled release” systems were based on the paradigm that plasma 

drug presence and duration of action were essentially synonymous.  “Sustained”, 

“prolonged”, ”extended” release formulations were designed accordingly, as were 

“delayed release” systems to provide therapy coinciding with onset of clinical symptoms 

(e.g. during sleeping for symptoms of congestive heart failure in the middle of the night 

and asthma attack during nighttime [3]).  Many good medications currently available are 

based on such considerations.  However, as insights on molecular biology, drug-receptor 

interactions and physiological/pathological process have been accrued it has become 

abundantly clear that, in many cases simply “soaking” a receptor with a solution of drug 

may not in fact optimize a therapeutic response.  There is usually little information in 

such a “constant signal”.  Time and timing are essential components in most biological 

processes, along with associated variables such as frequency and amplitude of the signal.  

Such insights dictate that controlling drug release requires more sophisticated systems 

than simply delaying delivery or sustaining drug presence in the biosystem.  Some such 

concepts have already been reduced to practice, e.g. with the advent of 

“chronotherapeutic” drug delivery. 

In light of the above considerations the capability to deliver “pulses” of drug, 

where the condition or mode of treatment warrants is evincing much interest. 
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Pulsatile drug delivery may concern temporal targeting, related to the circadian 

rhythms of a clinical state, and/or site-specific drug delivery for localized therapy.  The 

definition of pulsatile release is “the release of one or more than one dose of drug from a 

given system”.  Pulses are invariably separated by a time interval.  Doses or pulses need 

not be limited to delivery of the same drug.  Different medications could well be 

delivered in such sequential mode. 

Pulsatile delivery can have other functions as well as aligning activity with the 

biology of a condition.  Enteric coating, to safeguard drug from gastric (low pH) 

degradation is well established and may require rapid release of drug (i.e. a pulse) on 

reaching the favored region of the GI tract.  There are also possibilities for “pulsed” 

dosing to be employed to enhance drug absorption and reduce dosing frequency. 

1.3.1 Dosage form design considerations 

The design of a pulse-release system must incorporate features that are calculated 

to deliver the requisite target plasma profile of the drug in question.  Such a profile must 

in turn be optimal for efficacy and safety of the medication.  If design concerns are for 

more than one “pulse”, the modes (kinetics) of such sequential release can differ, e.g. an 

“immediate” release fraction could be followed by zero order or other forms of slower 

release, if this is optimum for the particular drug or clinical condition.  For example, to 

mimic multiple-daily dosing regimens a pulsatile delivery system can be designed to 

provide repeated release profiles to obtain plasma drug concentrations from a single unit 

dosage. 

1.3.2 Benefits of pulsed release 
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1.3.2.1 Reduced dose frequency 

Many therapies require relatively constant levels of drug to be present in plasma 

or at the site of drug action [18].  Hence, effective treatment can involve multiple 

administrations of a single dose over time, if the time course (kinetics) of the drug and 

associated activity in the biosystem is short.  Frequent dosing usually leads to poor 

compliance, with the medication being less effective in consequence.  Hence, a dosage 

form where for instance, twice daily dosage can be replaced as a unit dosed once-daily 

that releases drug in a pulsed fashion such that plasma levels are comparable to twice 

daily administration, this could be more patient-friendly and hence more effective.  Such 

an example was shown by Lundberg and Sjöblom [19] who developed systems for 

delivering at least two consecutive pulses of proton pump inhibitors that are separated in 

time, by using suitable coated units that release drug in the small intestine to simulate 

twice daily administration. 

1.3.2.2 Absorption enhancement 

Drugs that are substrates for intestinal or hepatic Cytochrome P450 may be 

difficult to formulate in classic “prolonged release” systems.  The relatively low levels of 

drug encountering these enzymes while en route to the systemic compartments are 

consequent to lower rates of input to the GI tract from a gradually releasing system.  This 

gradual depletion makes them more prone to metabolism, because of higher enzyme/drug 

ratios present, than if higher levels of drug were to be encountered at the site(s) of 

enzyme activity.  Amidon and Leesman [6] proposed that prolonging the action of such 

drugs could be best effected by “pulse” delivery.  Higher levels of drug, consequent to 

delivery as a pulse are less likely to be extensively metabolized by Cytochrome P450 in 

the intestinal wall. 
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1.3.2.3 Avoiding pharmacological tolerance 

A typical course of antibiotic therapy is most effective when the drug is taken at 

regularly spaced intervals so as to maintain a plasma level above the minimum inhibitory 

concentration of the pathogen (typically a dose every 8 hours may be prescribed).  

Common causes of antibiotic misuse may include a failure to take the entire prescribed 

course of the antibiotic, or a departure from fairly precise daily dosing intervals.  Both of 

these areas of misuse potentially exacerbate the development of drug resistance in 

bacterial populations.  In this case a precisely timed multiple dose regimen taken orally, 

that could significantly reduce the onus placed on the patient to “get it right”, would of 

course improve both compliance and efficacy. 

Recently, multiple-pulse delivery of antibiotics has been described as a means of 

to preventing microbes going into a resistant/dormant stage and developing biological 

tolerance thus resulting in better annihilation [5].  Other additional advantages of 

delivering antibiotic in divided pulses include lower drug concentration, as well as a 

reduced dose-related side effects profile and shorter duration of therapy, contributing to 

an improved outcome of infectious disease therapy.  The pulsatile dosing could also offer 

these benefits upon antiviral and antifungal therapy. 

In addition, the pulsed release could also be advantageous for the drugs that 

develop biological tolerance when they are constantly present at their targeted site (e.g., 

receptor tolerances of nitrates and beta-blockers) [8, 9]. 

1.3.2.4 Time-specific drug delivery 

It is now well established that maintaining a relatively constant plasma drug level 

throughout the dosage interval is not optimum in many conditions.  Relationships 

between drug presence, duration of action and safety may be influenced by, among other 

factors circadian rhythms.  Varying drug concentrations in the biosystem may be more 
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effective if coinciding with, and being capable of managing peak manifestations of the 

clinical condition.  Pulsed, rather than persistent delivery may also alleviate or eliminate 

side effects [20].  Targeting a specific rhythm of a disease could reduce dosage, thereby 

reducing drug exposure and some unwanted side effects.  Targeting rhythms may also 

prevent drug interactions, providing wider treatment options for patients suffering from 

multiple ailments.  Consequently, the concept of chronotherapeutics has emerged and is 

based on time-dependent variation in the risk or symptoms of diseases as well as in the 

pharmacokinetics and pharmacodynamics, efficacy, and toxicity of drugs (Table 1.1) [2, 

4, 21]. 

1.3.2.4.1 Circadian rhythms and pathophysiology of diseases 

Cardiovascular, pulmonary, hepatic and renal functionalities vary throughout the 

day, being controlled within a periodicity of 24-hours.  They are naturally synchronized 

with internal body clocks, and the sleep-wake cycle.  This can mean that some 

functionalities have time-related peaks and troughs.  Disease states can affect such 

functionality and, as a consequence can also exhibit peak times of activity within a 

circadian rhythm (Table 1.1).  For example, blood pressure and heart rate in patients with 

hypertension rapidly increase after awakening from the nighttime, coinciding with the 

risk period of adverse cardiovascular events (e.g., angina, myocardial infarction, sudden 

cardiac death and thrombotic and hemorrhagic stroke) [22-26].  A drug delivery system 

administered at bedtime, but releasing drug well after the time of administration (during 

morning hours), would be ideal in this case.  The same could be true for preventing the 

symptoms of rheumatoid arthritis, allergic and infectious rhinitis, and migraine headache 

in the morning [27]. 
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Disease Peak condition and symptom  
(24 hour clock) 

Chronotherapeutics 

Allergic rhinitis Morning [28]. For selected first and second-generation 
H1-receptor antagonists duration of 
action was prolonged when 
administered in the morning rather than 
evening [29]. 

Cardiovascular disease 
Angina pectoris 
Acute myocardial 
infarction 

Early morning to noon. 
06.00-12.00 [30]. 
08.00-11.00 [31]. 

Antihypertensive products such as 
Verelan PM and Covera HS provide 
chronotherapy for hypertension, 
releasing drug during the vulnerable 
period of 6 am to noon after night-time 
administration [32]. 

Arthritis 
Osteoarthritis 
 
Rheumatoid 

 
Afternoon or evening pain [33]. 
 
Morning pain (06.00-09.00) [33]. 

 
Moring or noon dose of NSIADs was 
most effective [34]. 
Evening dose of NSIADs was most 
effective [34, 35]. 

Peptic ulcer disease Highest gastric acid secretion 
during the night [36]. 

Bedtime dose of a H2-receptor 
antagonist to decrease intragastric 
acidity during the night [37]. 

Gastroesophageal 
reflux disease (GERD) 
and/or nocturnal acid 
breakthrough (NAB) 

Typically occurs during the late 
evening and early morning hours 
[38]. 

Due to limited absorption in the colon, 
two-pulse dosing regimen of 20 mg of 
omeprazole (PPIs) (first dose at dinner 
and second dose 4-6 hours later) was 
more efficient to control acid reflux and 
resulting NAB compared with single 
dosing regimen of 40 mg of 
omeprazole (30 minutes before dinner) 
[39]. 

Hypercholesterolemia High cholesterol synthesis during 
the night [40]. 

Statins have greater cholesterol-
lowering capability when dosed in the 
evening [41, 42]. 

Nocturnal Asthma More frequently during the nighttime 
(19.00-07.00) [28]. 
Cortisol levels also are lowest in the 
middle of the night, increasing and 
peaking in the early morning [43] 
while higher levels of histamine 
coincide with greater 
bronchoconstriction during sleep 
time [44]. 

Theophylline effect is enhanced when 
dosed in the evening corresponding to 
the peak effect of asthma during 
nighttime or early morning [45]. 
Oral administration of corticosteroids at 
8:00 am and 3:00 pm was more 
effective in controlling nocturnal 
asthma than the same doses 
administered at 3:00 pm and 8:00 pm 
[46]. 

Diabetes Natural rhythm of endogenous 
insulin changes to inadequate 
secretion in the case of type 1 
diabetes or altering the pulsatile 
mode in the type 2 condition [43]. 

The goal with insulin therapy is to 
mimic the normal-patterned secretion 
of the endogenous mediator. 

Table 1.1: Concept of chronotherapeutics. 
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1.3.2.4.2 Chronopharmacokinetics 

The 24-hour changes in pharmacokinetics (i.e., absorption, distribution, 

metabolism, and elimination) have been reported in several drugs.  Results have been 

shown to vary in the variance of drug plasma levels even after administration of a 

sustained release formulation of theophylline at different dosing times [45].  The same 

has been observed during prolonged constant rate infusion of 5-fluorouracil [47], and 

ketoprofen [48].  Circadian pharmacokinetics of drugs can also impact their tolerability, 

for example lowest Cmax with least toxicities in evening doses of the NSAIDs 

indomethacin and ketoprofen for the treatment of osteoarthritis [49, 50].  Additional 

evidence is afforded by the survival rates in ovarian cancer being quadrupled if 

doxorubicin is dosed in the morning along with evening dosing of cisplatin [51]. 

1.3.2.4.3 Chronopharmacodynamics 

The cellular rhythms for drug response have also shown to be related with the 24-

hour circadian changes in receptor presence, binding activities, etc.  The variations of 

pharmacodynamic effects have been therefore demonstrated despite a constant rate input 

of drugs.  For example, constant rate infusion of famotidine raised intragastric pH with 

variation of threefold along the 24 hour timescale [52].  Constant rate infusion of heparin 

over 48 hours also varied anticoagulant effects that almost were doubled during 24 hour 

timescale [53]. 

1.4 MULTI-PULSATILE DRUG DELIVERY SYSTEMS 

In multi-pulsatile drug delivery systems, the drug dose is fractionated into various 

components and each component has a different pulse time of the drug.  The different 

pulse times of the drug can be controlled using different barrier layers which can be 

optimized by coating or separating with different polymers or different levels of polymer.  

This is usually classified as a self-modulation which is governed by the inner mechanism 
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of the delivery system [54].  The delivery system can also utilize external modulation 

(e.g. ultrasound, temperature or an electronic signal [55]) to produce a lag-time interval 

and separate the pulses. 

1.4.1 Multi-pulsatile drug delivery formulations 

Types of formulations: 

• Different release types of pellets or beads filled in a capsule or pressed as a 

tablet. 

• Different release types of mini-tablets or tablets within a capsule. 

• Mutilayered tablet. 

1.4.2 Formulation strategies of multi-pulsatile drug delivery 

Types of functioning mechanisms: 

• Swelling mechanisms such that release of a drug segment is delayed or 

otherwise constrained by having to diffuse through a gel layer. 

• Erosion/degradation of a component or protective agent/coating before a drug 

segment is released. 

1.4.2.1 Swelling mechanisms 

Swelling mechanisms are normally associated with the incorporation of a drug-

containing osmotic core (osmotic agent and/or swellable polymer) and a semi-permeable 

outer layer.  Water ingress into the osmotic core causes it to swell, rupturing the external 

coat and releasing the drug in pulsatile mode.  Increase in osmotic pressure, which 

governs the drug release, is mainly controlled by the rate at which water penetrates 

through the membrane. 

Osmotic delivery systems which can deliver drugs at a constant rate being 

independent from the environment were also modified to achieve pulse delivery for 
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circadian therapeutic requirements.  Concerta (Alza Corporation), used to treat attention 

deficit hyperactivity disorder (ADHD) for school-aged children, is a modified push-pull 

osmotic pump that releases methylphenidate hydrochloride in a pulsed manner [56].  

Methylphenidate undergoes first-pass metabolism and its rapid metabolic de-

esterification leads to a short half-life about 2-3 hours [57, 58], requiring multiple-daily 

doses.  The Concerta tablet comprises a trilayer core coated with rate-controlled 

membrane surrounded by an immediate-release drug coat (Figure 1.3) [59].  The trilayer 

core is composed of two drug layers and a push layer containing osmotic active 

components at the bottom.  In the GI tract, the drug coat dissolves within 1 hour, 

providing an initial dose of the drug.  Water can permeate the semipermeable membrane, 

hydrating the push layer and the interior drug layers.  After being swallowed, at 

approximately 5 to 6 hours, the drug is suddenly released through the precision laser-

drilled orifice on the drug layer end of the capsule due to expansion of the osmotically 

active polymer excipient in the push layer.  However, the device needs a laser technology 

to drill the orifice in the outer membrane [60] which makes it complex and expensive for 

manufacture. 

 

 

Figure 1.3: Osmotic gradient, multilayer tablet of the Concerta tablet. 
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Delivery of a drug due to the osmotic burst of a device is also used in the 

formulation of muti-pulsatile drug delivery.  The Time-controlled Explosion System 

(TES) is a four-layer sphere bead (Figure 1.4) [61].  The TES consists of a drug coated 

inert core (polystyrene core of 3.2 mm in diameter) coated with a swellable layer, which 

is in turn coated with an insoluble semipermeable outer layer.  The penetration of water 

through the semipermeable membrane (e.g., ethylcellulose) hydrates the swelling agent 

(e.g., hydroxypropylcellulose), which swells or expands until the membrane ruptures and 

rapid drug release can occur.  The lag-time interval could be controlled by the thickness 

of the outer membrane.  Oral administration of TES particles with different lag-times of 3 

hours and 6 hours demonstrated potential for short-term multi-pulsatile drug delivery 

[62].  Since the device does not have an orifice in the outer membrane, it is less cost 

compared with the osmotic pump design which requires laser technology. 

 

 

Figure 1.4: Osmotic bursting device of the TES. 

The Programmable Oral Release Time (PORT) System® [63] which can deliver 

drugs in a pulsatile fashion, uses osmotic pressure generated inside an insoluble capsule 

body.  PORT was also used to deliver two pulses of metoprolol which was proposed to 

use for both treatment and prevention of cardiovascular disorders, including myocardial 

infarction in the early morning [64].  In addition, metoprolol was selected as the model 

drug due to its high solubility and high permeability throughout the GI tract.  The 

insoluble capsule body of the PORT system contained a swellable osmotic core at the 
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bottom, and a second dose of the drug in the middle, sealed with an insoluble plug, and 

covered with a soluble gelatin cap which containing the first dose inside (Figure 1.5).  

The first dose was immediately released after administration while the second dose was 

released after suitable lag-time due to swelling of osmotic core which dislodged an 

insoluble plug out of the capsule body.  Several variables can be manipulated for control 

of the release lag-time e.g. capsule body wall thickness and composition, concentration of 

the osmotic contents, and the length/composition of the inserted waxy plug.  However,  

the coated gelatin capsules of the PORT System [65] may have uncoated regions inside 

and around the mouth of the capsule.  These uncoated areas appear to be problematic, 

leading to water influx that can cause premature hydration of gelatin, loss of structural 

integrity, and eventually early release of the drug [66]. 

 

 

Figure 1.5: The PORT System® for two drug doses. 

Also, some interested patents using swelling mechanisms in multi-pulsatile drug 

delivery systems are summarized in Table 1.2. 
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Patent Comments 

US Patent 5,472,708 
[67] 

Multi-pellets are filled within a capsule or tablet.  The core contains drug and 
swelling agent (e.g., PVP, CMC, sodium starch glycolate, pregelatinized starch) 
which can expand on exposure to water and rupture the water permeable coating, 
releasing the drug as a pulse. 

US Patent 5,508,040 
[68] 

Two or more populations of pellets are different in film coating (water-permeable, 
water-insoluble polymer film) in order to control the different in the rate at which 
water passes through to the core and the rate at which drug diffuses out of the 
core.  A core contains a drug and a water soluble osmotic agent such as NaCl, 
providing an osmotic effect when dissolved. 

US Patent 5,531,736 
[69] 
 

An osmotic device comprises a body section being impermeable and containing a 
drug, and a cap section being semipermeable and containing an expansion agent 
for pushing a plate between the body and cap sections and separating apart each 
other after expose to water, releasing the drug.  Multiple pulses may be provided 
by filling the smaller device within the bigger one. 

US Patent 5,674,530 
[70] 
 

Port system®Two pulses of drug from a capsule device comprises a water-
permeable coated capsule half with a drug (second pulse) and an osmotic agent.  
Then, it is sealed with an insoluble wax plug and covered with the other capsule 
half with a drug (first pulse).  The wall thickness and composition, concentration 
of the osmotic contents and the length of the plug control lag-time interval of the 
second pulse. 

US Patent 5,938,654 
[71] 

Multiple pulses from an osmotic device.  A fluid impermeable housing has 
several drug containers aligned in and separated with partition layers (rigid solid 
or gel).  It also has an osmotic material at the bottom which its expansion leads to 
separation of drug containers from the housing at through the exit port and then 
drug is released from the container when expose to water.  Each drug unit is 
composed of a fluid impermeable container and contains an osmotic material(s). 

US Patent 6,632,451 
[72] 

A two pulse system comprises a drug with a swellable core.  The core is 
surrounded by an inner coat of water-insoluble coating and has an outer coat of an 
immediate-release drug layer.  The thickness of the inner coat and concentration 
of water-insoluble hydrophilic material in the inner coat control the lag-time 
interval. 

Table 1.2: Multi-pulsatile drug delivery systems: swelling mechanisms. 
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1.4.2.2 Erosion/degradation 

Erosion/degradation of different barrier layers can govern and separate pulsed 

releases of a given drug.  Additionally, erosion/degradation rates can be optimized by 

coating or separating with different polymers or different levels of polymer. 

Dexlansoprazole, a proton pump inhibitor is presented as a biphasic delivery 

system containing two different types of enteric-coated granules (Dexilant Capsules, 

[73]).  The first population of granules starts releasing a pulse of drug within 1-2 hours 

after administration.  A second pulse follows within 4-5 hours, prolonging the therapeutic 

effect in the treatment of heartburn associated with esophagitis and gastroesophageal 

reflux disease [74]. 

The PULSYSTM technology (MiddleBrook Pharmaceuticals, Inc.) comprising at 

least three dosage form fractions having different release profiles offers a promising way 

to deliver drug(s) as sequential bolus doses in a once-daily administration.  The 

PULSYSTM has already extended to antibacterial and antiviral treatment regimens as a 

once-daily dosage unit [75, 76].  Amoxicillin is one of candidates in this technology due 

to being variably absorbed along the GI tract.  A once-daily amoxicillin product, 

Moxatag which uses the PULSYSTM technology has been recently approved by FDA and 

launched into the market for the treatment of tonsillitis and/or pharyngitis [5, 77].  The 

Moxatag product was formulated as a three-pulse tablet containing multiple pellets with 

different release profiles for improved efficacy against Streptococcus pyogenes [5].  The 

first population of pellets (45%) immediately releases, providing an initial dose of the 

drug.  The drug is released from the second population of pellets (30%, coated delayed-

release) after the drug released from the first population achieves a Cmax in the plasma.  

Similarly, the drug is released from the third population of pellets (25%, coated delayed-

release) after the drug released from the second population achieves a Cmax in the plasma.  
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These rapid pulses of antibiotic within the first few hours do not allow the defense system 

of bacteria to go into a dormant stage, leading to their elimination them more efficiently 

and effectively than conventional anti-infective therapy regimens of immediate release 

doses. 

A three-dimensional printing technology (Therics, Inc.) [78] was also used to 

deliver multi-pulses of drugs.  The dual pulsatile tablet of diclofenac, comprising three 

layers: one inner layer (drug printed inside Eudragit® L100) and two outer layers (drug 

printed into Eudragit® E100) was designed to release the first pulse in the stomach and 

the second pulse in the intestine (Figure 1.6) [79].  The dissolution profile showed an 

immediate release in pH 1.2 due to erosion of outer layers containing Eudragit® E100 

(soluble in gastric fluid) followed by a lag-time interval (approximately 4 hours) 

controlled by the erosion of inner layer containing Eudragit® L100 (soluble above pH 

6.0) and then the second pulse in a pH 7.5 environment.  The geometry of the tablet can 

be altered to produce lag-time intervals of 1 to 16 hours.  Additional compartments of the 

drug can also be incorporated to produce more pulses.  However, during the release of the 

first dose of drug there was premature release of the second dose as well, thereby the 

system could not achieve the complete free-drug release during the desired lag-time 

interval.  This was explained by the phenomena of the mixing of Eudragit® E100 and 

L100 polymers near the interfaces in the tablet because in these areas the drug was 

released by diffusion rather than erosion [79]. 
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Figure 1.6: The three-dimensional printing technology of the dual pulsatile tablet. 

A three layer tablet formulation for two pulses of ibuprofen was also developed 

(Figure 1.7) [80].  The core three layer tablet comprises two layers of the drug separated 

by a barrier layer of hydrophilic polymer mixture was prepared using a multilayer tablet 

press having three loading stations.  The barrier layer and the second drug layer were 

coated with water impermeable film by spray coating.  The first dose layer immediately 

released upon contact with dissolution medium followed by slow gel formation and a 

mechanical resistance decrease of the barrier layer.  When a sufficient amount of water 

penetrated the barrier, this led to swelling of disintegrant contained in the second dose 

layer.  Suddenly, upon disintegrant swelling, the barrier breaked, allowing the second 

dose to be released as a pulse.  However, it is quite complex to manufacture as it requires 

a special designed holder during film coating process. 

 

 

Figure 1.7: Three layer tablet for two-pulse release. 

Tablets within capsule devices were also aimed to deliver multiple pulses of 

drugs.  Formulations of tablets can be either mini-tablets or multi-layered tablets within a 

capsule [81, 82].  Li and Zhu developed the multi-pulsatile drug delivery systems for 

nifedipine,  an anti-hypertensive agent [81].  The multiple pulse devices comprising mini-
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tablets of a rapid release formulation and one or two pulsatile formulations filled within a 

hard gelatin capsule.  The pulsatile formulations with different lag-time intervals were 

prepared using a dry compression coating method with a rapid release tablet as a core, 

and different ratios of HPMC and microcrystalline cellulose as the coating layer.  In a 

formulation to be given once-daily, a three-pulse capsule of diclofenac was also prepared 

by filling two multi-layered tablets within an impermeable capsule body.  A layer of 

lactose was added with the diclofenac tablets, with more lactose acting as a bulking agent 

filling the capsule void spaces, this was then covered with a soluble cap [82].  A three-

layered tablet served as the first two pulses while a two-layered tablet contained the third 

pulse.  The lag-times were controlled by erosion of swelling polymer in barrier layers of 

both multi-layered tablets. 

The intellectual property pertaining to using erosion/degradation in multi-pulsatile 

drug delivery systems is summarized in Table 1.3. 
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Patent Comments 

US Patent 5,229,131 
[6] 

Multiple pulses from different release rates of different individual drug-containing 
subunits as a tablet of capsule.  Dissolution rate is controlled by coating of pH-
sensitive enteric polymers and water permeable polymers. 

US Patent 5,840,329 
[83] 

Multiple pulses from different populations of particles, enclosed in tablet or 
capsule.  Each population has a core containing a drug coated with different layers 
for having a distinct pattern of drug release based on a combination of controlled 
release layers, swelling layers, and coating layers. 

US Patent 6,322,819 
[84] 

A multiple pulsed dose system comprises an immediate-release beads and enteric 
delayed-release beads.  The delayed-release beads may have a protective layer 
(immediate release coating, and/or semipermeable polymer coating) outer the 
enteric coating or between the drug core and the enteric coating to control the 
erosion of enteric polymer or delay release of drug. 

US Patent 6,500,457 
[9] 
 

Different release units comprise an immediate-release unit of the first dose of a 
drug and delayed-release unit(s).  The second dose of drug means for delaying 
release at 6-14 hours and the third dose means for delaying release at 14-18 hours 
after administration of the dosage form.  The delayed-release unit comprises one 
or more coatings of bioerodible, hydrolyzable, enzymatically degradable and/or 
gradually water-soluble polymer. 

US Patent 6,627,223 
[85] 

Multiparticulate system contains a population of an immediated-release bead and 
other populations which have at least two coated membrane barriers of enteric 
polymer barrier, and water-insoluble polymer and enteric polymer barrier.  The 
composition and the thickness of the polymeric membrane barriers determine the 
lag-time and duration of drug release from each of the bead populations. 

US Patent 6,663,888 
[86] 
 

A multi-particulate dosage form containing in the capsule comprises a mixture of 
two types of beads.  A drug/binder (e.g., HPC) coating is applied to non-pareil 
seeds and then coated with a seal coating of Opadry Clear to produce immediate 
release beads.  Timed pulsatile (delayed) release beads can be produced by 
applying a second coating of a mixture of water insoluble polymer and an enteric 
polymer to immediate release beads, allowing a pulsed release of the drug after a 
lag-time interval of 3-4 hours. 

US Patent 
Application 
2007/0264323 
[87] 

Amphetamine formulation contains an immediate release bead and the other two 
delayed release beads.  A drug can be coated onto a core or incorporated into the 
core.  Both delayed release beads comprise an enteric coating and one of them 
also comprises sustained release coating.  The single dosage form can generate 
three-time daily (TID) dosing profile. 

WO2008064338 [88] The pulsed release of a drug (valsartan) is accomplished by coating the drug 
granules with pH sensitive polymers which dissolve only in specific pH 
environment.  The different parts of the dosage form may be a plurality of mini-
tablets enclosed in a capsule.  The mini-tablets are designed to be released at 
different time intervals to affect pulsed release. 

Table 1.3: Multi-pulsatile drug delivery systems: erosion/degradation mechanisms. 



 23

1.5 GASTROINTESTINAL TRANSIT TIME OF PHARMACEUTICAL DOSAGE FORMS 

1.5.1 Conventional dosage forms 

After administration, dosage forms first reach the stomach quickly. Reportedly 

after 0.5-3 hours they are transported into the duodenum, here their transit times ranging 

from 1-2 hours [89].  Ideally, the overall transit time in the small intestine is considered 

to be rather constant between approximately 3-4 hours and independent to the fed or 

fasted state or the type of the dosage forms, conversely to the gastric residence time [90].  

The transit time of conventional dosage forms may limit an exposure time of the drug to 

different segments of the GI tract.  Additionally, the extent of drug absorption may be 

related to the residence time of the dosage form spends that within each segment of the 

GI tract.  For the drug that has high absorption throughout the GI tract, a constant or 

sustained release of the drug for prolonged period of time (i.e., 8, 12, or 24 hours) can be 

achieved from some conventional sustained release dosage forms.  However, there are 

certain drugs that have a narrow absorption window in the upper GI tract, and their 

limited transit times at the absorption site might not allow a conventional sustained 

release dosage form to release the drug that is optimal for attaining a maximum 

absorption. 

In expanding the treatment portfolio of multi-pulsatile drug delivery systems, the 

GI tract transit time and drug absorption site are extremely important considerations.  

Transit time of conventional oral pulsatile dosage forms through the stomach and small 

intestine has been reported as ranging from 4 to 6 hours [91, 92].  If a desired pulsed 

release time is 8 hours or 12 hours upon initiating administration and a drug has the 

narrow absorption window in the upper GI tract, then the exposure time of a drug to the 

absorption site was limited, which might not sufficient for suitable release and absorption 
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of the drug from such dosage forms, causing low bioavailability or even potential 

treatment failure of the drug. 

In addition, oral pulsatile drug delivery systems that release drug after lag-time of 

6-7 hours usually release drug in the large intestine, but the viscous contents of the lower 

part of the GI tract cause hindrance to the drug diffusion and also enzymatic degradation 

of some drugs, making it an unfavorable site for drug release [92-94].  Furthermore, 

when considering drug release in the stomach, the highly variable nature of the gastric 

emptying process may not only cause in vivo variability and bioavailability problems but 

also can result in incomplete drug release from the pulsatile release system when the lag-

time is more than the relatively brief gastric emptying time; leading to diminished 

efficacy of the administered dose. 

1.5.2 Gastroretentive dosage forms 

Oral drug delivery is the most preferable for drug delivery, but unsatisfactory 

absorption of a drug with high variation in bioavailability usually occurs.  Physiological 

variability in GI transit is considered to be a major factor for such problems and the 

gastric retention time also plays a dominating role in overall GI transit of dosage forms.  

Since the gastric retention time of conventional release dosage forms is reported to be 

less than 12 hours [95], this relatively short period of time may become a major obstacle 

to achieve the multi-pulsatile drug delivery due to limiting the exposure time of the drug 

to the absorption site especially in the upper GI tract.  To avoid this disadvantage, many 

efforts have been focused on the development of gastroretentive dosage forms which are 

designed to be retained in the stomach for a prolonged period of time, allowing prolonged 

delivery of the drug above or within the window of absorption.  There are some 

commercialized gastroretentive products in the market listed in Table 1.4.  Possessing a 
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gastroretentive capability would ensure improved bioavailability of a drug from a multi-

pulsatile drug delivery system by virtue of extending the period for delivering each dose 

of drug at the maximum absorption site. 

 
Product Active ingredient Type/technology Company 

Proquin XR tablets Ciprofloxacin HCl Polymer-based swelling 
technology (AcuFormTM) 

Depomed, USA 

Gralise tablets Gabapentin Polymer-based swelling 
technology (AcuFormTM) 

Depomed, USA 

Glumetza XR tablets Metformin HCl Polymer-based swelling 
technology (AcuFormTM) 

Depomed, USA 

Coreg CR extended-
release capsules 

Carvedilol 
phosphate 

Gastroretention with osmotic 
system (Micropump® Platform) 

Flamel Technologies, 
France 

Madopar HBS 
capsules 

Levodopa and 
benserazide 

Polymer-based floating system 
(hydrodynamically balanced 
system:HBS) 

Roche, UK 

Valrelease capsules Diazepam Floating capsule Roche, UK 
Topalkan liquid Aluminium-

magnesium antacid 
Effervescent floating liquid 
alginate preparation 

Pierre Fabre 
Medicament, France 

Cytotec capsules Misoprostol Bilayer floating capsule Pfizer, USA 
Gaviscon liquid Antacid Raft forming floating system 

(aginate and sodium 
bicarbonate) 

GlaxoSmithKline, 
UK 

Table 1.4: Gastroretentive products available in the market. 
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1.6 GASTRORETENTIVE DOSAGE FORMS FOR MULTI-PULSATILE DRUG DELIVERY 

1.6.1 Benefits of gastroretention 

There are several key therapeutic advantages that can be deemed useful for multi-

pulsatile drug delivery systems when considering a reservoir of the drugs in the stomach. 

1.6.1.1 Local treatment in the stomach 

A drug might have the potential to be locally active in the stomach.  For example, 

antacids, H2-receptor antagonists, proton pump inhibitors, or antibiotics that may be 

locally effective against H. pylori [96, 97].  Whilst a standard dosing regimen may be 

used to provide the required regimen, a single dose device with the gastroretentive 

capability could potentially provide multiple doses within a predetermined period. 

1.6.1.2 Site specific drug delivery 

There may be a narrow absorption window in the stomach or in the upper small 

intestine.  For example this occurs with drugs such as levodopa, metformin, furosemide, 

riboflavin, diclofenac sodium, and ciprofloxacin [98-101].  This window almost 

precludes the formulation of those drugs into conventional controlled release dosage 

forms that, in order to function effectively, must traverse a wide ranging environment 

within the GI tract.  Thus having a reservoir of drug that pulses a controlled amount of 

drug for rapid absorption in the small intestinal area would be an obvious advantage to 

taking multiple tablets in order to achieve that same type of bioavailability. 

1.6.1.3 Avoiding poor drug stability in the distal GI tract 

Some drugs may be unstable in the intestinal or colonic environment, and 

subsequently display a reduced bioavailability, e.g., ranitidine HCl, metronidazole, and 

captopril [99, 102, 103].  Delivering a targeted amount in short burst to the upper small 

intestine would negate this problem. 
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1.6.1.4 Avoiding low drug solubility in the lower GI tract 

There may be issues with drugs displaying low solubility at the elevated pH of the 

distal GI tract.  Basic drugs such as diazepam, chlorodiazepoxide, or verapamil HCl 

could show improved bioavailability if administered solely into the stomach where the 

drugs have higher solubility [99, 104-106]. 

1.6.1.5 Reduced disturbance of normal colonic bacteria 

There are also instances where drugs may disturb normal colonic bacteria which 

act as a barrier against colonization of potentially pathogenic microorganisms and against 

overgrowth of already present opportunistic microorganisms e.g., penicillins and 

clindamycin [107, 108].  In such instances it may be desirable to reduce the dose and 

deliver at more frequent intervals to the upper small intestine (effectively reducing the 

potential for the drug to be above the minimum inhibitory concentration (MIC) of the 

body’s natural fauna in the distal GI tract). 

1.6.2 Physiological considerations 

1.6.2.1 The stomach 

The physical appearance is as a J shape, and is anatomically divided into 3 

regions: the fundus, the body, and the antrum including the pylorus (Figure 1.8).  The 

proximal part is the fundus which produces slow sustained contraction exerting a steady 

pressure on the gastric contents gradually pressing them in an aboral direction and is also 

often contains gas after meal [109].  The largest part of the stomach is the body which 

acts as a reservoir for ingested content.  The lowest part of the stomach which tends to 

curve to the right and slightly upward and backward includes antrum and pylorus.  The 

antrum and pylorus portion are the main site for mixing motions and acts as a pump for 

gastric emptying by a propelling action.  At the end of pylorus there is the pyloric 
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sphincter or valve which is a strong ring of the smooth muscle.  Not only does the pyloric 

sphincter sieve the chyme and prevent large particles of food from being emptied from 

the stomach, but it also prevent reflux of duodenal contents comprising bile and 

pancreatic enzymes to damage the gastric mucosa. 

 

 

Figure 1.8: Structure of the stomach. 

1.6.2.2 Gastric motility 

There are distinct motility patterns of the stomach between the fasted and fed 

states.  After a meal (digestive phase or fed phase), the digestible food will have been 

processed to chyme and emptied out of the stomach leaving a residue of mucus and 

undigested solids (Figure 1.9).  Once the small intestine has finished absorbing nutrients 

from the chyme (i.e. approximately 2 hours after the last of the digestible food has left the 

stomach), the activity of digestive phase will cease and be replaced by the interdigestive 

phase (fasted state), which is also the normal resting condition of the stomach [109]. 
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Figure 1.9: Gastric motility patterns in the fasted and fed states. 

1.6.2.2.1 Fasted state 

In fasted state, all gastric residues which the stomach has failed to process to 

chyme are removed in this phase by the migrating myoelectric complex (MMC) or so-

called “housekeeper contractions”.  The strong contractions against an open pylorus of 

MMC remove debris out of the stomach.  There are apparently four consecutive phases of 

activity in the MMC (Figure 1.9) [95]. 

− Phase I: The quiescent period lasts from 40-60 minutes and it is characterized 

by a lack of secretory, electrical, and contractile activity. 

− Phase II: It exhibits of intermittent contractions that gradually increase in 

intensity as the phase progresses, and it lasts about 40 to 60 minutes.  Gastric 

discharge of fluid and very small particles begins later in this phase. 

− Phase III: It is a short period of intense, large, and regular peristaltic 

contractions, termed “housekeeper waves”, that sweep or empty undigested 
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residues from the stomach down the entire small bowel to the caecum and 

lasts for 4 to 6 minutes. 

− Phase IV: It is the resting phase, lasting for 0 to 5 minutes and the contractions 

subside to prepare for the next cycle. 

The whole cycle originating in the foregut and continuing to the terminal ileum 

repeats every two hours.  During fasting, a basal gastric secretion is also emptied in order 

to prevent accumulation of fluid [109]. 

The gastric residence time of tablets or capsules has previously been shown to 

vary from 5 minutes to 3 hours (or even longer) in a fasted individual [60, 61].  Thus a 

formulation taken by a patient in the fasted state could empty at the moment of ingestion 

if the MMC was at Phase III of the cycle.  Alternatively gastric emptying could occur 

anytime up to 2 hours making it difficult to predict.  This must be taken into account in a 

clinical trial design. 

1.6.2.2.2 Fed state 

Feeding disrupts the MMC cycle (Figure 1.9), initiating the digestive motility 

pattern which comprises continuously irregular contractions and may last for many hours.  

These contractions result in reducing the size of food particles to less than 1 mm, which 

are propelled toward the pylorus in the suspension form.  The stomach processes a fed 

pattern of motility in response to the presence of food with calorific value.  It also 

responds to the presence of a large quantity of small particle size indigestible material 

[109]. 

Following meals, food is stored in the upper part of the stomach or the fundus.  

The fundus of the stomach relaxes to hold the ingested food without increasing 

intragastric pressure [110].  It acts as a receptacle and determines to a large extent of 
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liquids for emptying.  It is also able to slowly expand and contract, depending on the 

degree of filling, but no other intrinsic motility (peristaltic and myoelectric activities) 

occurs. 

After food ingestion approximately 5 to 10 minutes, the stomach motor activity 

starts and persists as long as the food exists in the stomach [95].  Thus frequent feeding 

may prolong gastric retention time.  Mixing, grinding and emptying of food all occur 

together.  Mixing and grinding are carried out by peristaltic waves (narrow and annular 

waves) which originate in the mid-body as a shallow indentation and gradually deepen as 

they progress toward the pylorus [109]. This marked velocity increase in the body occurs 

in basic electrical rhythm. 

The peristaltic contractions proceed as far as a point 3 to 4 cm proximal to pyloric 

aperture (Figure 1.10) [109, 110].  At this point each coming peristaltic wave becomes to 

a halt, fails to advance any further, and ends in a concentric or cylindrical contraction 

(astral systole) of the entire distal 3 to 4 cm of the stomach which corresponds to the 

pyloric sphincteric cylinder.  Myoelectric activity in the pyloric sphincteric cylinder is 

associated with a rapid spread of peristalsis or a nearly simultaneous contraction. 

When the peristaltic wave comes to a halt 3 to 4 cm proximal to the pyloric 

aperture, a widening of the indentation of the pyloric ring on the lesser curvature side 

occurs.  While the peristaltic wave remains stationary, its indentation continuing widens.  

Simultaneously the indentation of the pyloric ring on the greater curvature also widens.  

The widening of these indentations is resulted from muscular contraction.  A 

simultaneous widening of the two loops with a maximal contraction of the distal 2 to 3 

cm of the stomach in the region of the pyloric sphincteric cylinder fully forms the pyloric 

canal (a thin channel of 2-3 mm in diameter and 2-3 mm in length) and closes the pyloric 

aperture (Figure 1.11).  If the events on the lesser and greater curvatures, together with 
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the narrowing of the lumen, occur in one simultaneously smooth without interrupted 

movement, then a maximal contraction of the distal 2 to 3 cm of the stomach occurs.  A 

maximal contraction wave is associated with a sharp increase in intraluminal pressure, 

ranging up to 34 mm Hg.  After 2 to 3 seconds the contraction relaxed, the lumen 

reassumed its resting diameter.  The process will repeat as a cycle and the time from the 

beginning of one contraction to the initiation of the next is denoted as a pyloric cycle.  

The frequency of pyloric cycles in human is probably between 3 and 4 cycles per minute. 

In each pyloric cycle, at a stage when the pyloric sphincteric cylinder is relaxed or 

expanded, the pyloric aperture is opened.  In adults the pyloric aperture is approximately 

5 to 10 mm in diameter.  When contraction of the cylinder begins, the diameter of the 

aperture may widen or narrow slightly depending upon the intensity of contraction of the 

left (on the greater curvature) and right pyloric loops (on the lesser curvature).  If the left 

loop adjacent to the stationary peristaltic wave contracts maximally, but the right loop 

incompletely contracts, the already opened pyloric aperture is slightly widening opened 

(i.e., from 10 mm to 12 mm in diameter), resulting in propulsion of gastric contents into 

duodenum.  This propulsion into the duodenum can be enhanced if contraction of the 

entire pyloric sphincteric cylinder now proceeds.  On the other hand if the right loop fully 

contracts, while the left loop incompletely contracts the pyloric aperture is closed, 

causing retropulsion of gastric contents.  Continuing contraction of the pyloric sphincteric 

cylinder decreases the diameter of the pyloric aperture, and maximal contraction of the 

pyloric sphincteric cylinder with full formation of the pyloric canal closes the pyloric 

aperture. 
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Figure 1.10: Contraction pattern of pyloric cycle: after a peristaltic contraction 
commencement peristaltic wave stops at curved arrows and the region 
between the curved arrows and PA (pyloric aperture) is PSC (pyloric 
sphincteric cylinder): S (stomach), DB (duodenum bulb), PR (pyloric ring) 
adapted from reference [110]. 

 

 

Figure 1.11: Contraction pattern of pyloric cycle: at maximal contraction of PSC (pyloric 
sphincteric cylinder) with formation of PC (pyloric canal) and closing of PA 
(pyloric aperture): S (stomach), DB (duodenum bulb), MC (muscular 
contraction) adapted from reference [110]. 
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The characteristics of pyloric aperture at various states are also summarized in 

Table 1.5. 

 
States Characteristics of pyloric aperture (PA) 
Phase I of IMMC Opened about 5-13 mm (mean 8.7 mm) 
Pyloric cycle  
− PSC relaxed Opened about 5-10 mm 
− Commencement contraction of PSC Diameter of PA may slightly widen (i.e. from 

10 mm to 12 mm) or narrow 
− Continuing contraction of PSC Diameter of PA decreases 
− Maximal contraction of PSC Closed 

IMCC: interdigestive migrating myoelectric complex, PA: pyloric aperture, PSC: pyloric sphincteric 
cylinder. 

Table 1.5: Characteristics of pyloric aperture (PA) at various states [110]. 

Liquids and solids within the distal antrum are compressed as the antral wave 

deepens.  Since the wave dose not occlude the lumen, liquid and suspended particles are 

retropelled through the wave while larger and denser solids are trapped ahead of the 

constriction [109].  When the pylorus aperture has closed, the antral systole will grind the 

solids, mix them with gastric juice, and then retropel them into the proximal antrum.  The 

motion during grinding, acid-pepsin digestion during mixing, and shear forces during 

retropulsion contribute to the physical breakdown of solid food in this region.  While 

stomach contracts 3-4 times per minute leading to the movement of liquid and digestible 

solids in the stomach through partially opened pylorus, indigestible solids larger than the 

pyloric opening are propelled back and retained for reduction to a smaller size 

(approximately 1 mm) due to solubilization and partial digestion in the stomach before 

emptying [98, 110].  The larger harder particles will take longer to reach this size.  The 

gastric retention time is 30 ± 7 and 154 ± 11 minutes for liquids and digestible food 
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respectively, and 3-4 hours and for indigestible material (T50% retention times) [62].  The 

lager the amount of ingested solid food, the longer the period of fed state activity.  

Previous studies have shown that feeding 30 minutes prior to drug administration 

increased gastric residence time in excess of 2 hours [63]. 

These variable gastric residence times must be considered when designing a 

viable dosage form as uncontrolled food intake leads to variable gastric emptying times 

[64, 65].  A clinical trial with several study subjects must therefore have a controlled 

calorific intake in order to help standardize this emptying time.  In addition other factors 

can influence the gastric emptying rate.  For example an increase in caloric content slows 

down gastric emptying [66].  Stress has also been shown to affect gastric emptying times 

[67]. 

An intact pulsatile drug delivery capsule would be classified as indigestible 

material, and as a result would empty from the stomach at the time of the housekeeper 

waves as previously described.  Therefore, the designed gastroretentive dosage forms 

must be capable of resisting gastric emptying during housekeeping wave (phase III of 

IMMC) in the fasted state and also to continuous gastric emptying through the pyloric 

sphincter in the fed state.  Also, during a clinical trial subjects should experience a 

controlled diet to try to minimize the effect of different food types on gastric emptying 

time. 
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1.6.2.3 Gastric pH 

The pH in the stomach during the day for human is rather varied due to influences 

of several factors such as diet and disease.  In addition to intra-subject variation, the 

gastric pH also exhibits inter-subject variation.  The gastric pH in fasted healthy subjects 

ranges from below pH 1.0 to pH 3.2 while the gastric pH in fed state can increase to  pH 

2.0 to pH 7.0 due to the buffering effect of food, then the pH returns to basal level (at 

fasted state) within 1.0 to 1.5 hours due to the releasing gastric acid for digestion [111].  

Gastric pH may be influenced by age.  Comparison of gastric pH between young and 

elderly subjects has been also studied by Russell and coworkers as summarized in Table 

1.6 [112].  The majority of older subjects exhibited gastric pH profile similar to those of 

the young either during the fasted state or during the meal.  However, the time to 

approach the pH baseline was slower in elderly subjects compared to the young subjects 

and this could be the effect of slower acid production and/or slower gastric emptying.  

Additionally, about 10-20% of the elderly people exhibit achlorhydria (no gastric acid 

secretion), leading to high baseline, greater than pH 5 [112]. 

 

Conditions 
Young subjects 
(N = 24) 

Elderly subjects† 
(N = 79) 

Fasted state 1.7 (1.4-2.0) 1.3 (1.1-1.6) 

During the meal 5.0 (4.4-5.6) 4.9 (3.9-5.5) 

Peak pH during the meal 6.6 (6.3-7.0) 6.2 (5.8-6.7) 

Time after meal to return to pH 2 (minutes)‡ 100 (44-143) 154 (82-210) 
† Including the achlorhydric older subjects (five of elderly subjects), 
‡ Significant difference between two groups of pooled subjects. 

Table 1.6: Gastric pH and time after meal to return closely to the base line pH between 
young and elderly subjects presented as a median value (interquartile range) 
[112]. 



 37

Phathophysiological conditions (e.g., atrophic gastritis, AIDS and pernicious 

anemia) and drugs (e.g., H2 receptor antagonists and proton pump inhibitors) may also 

reduce gastric acid secretion (hypochlorhydria) resulting in elevated gastric pH [113, 

114]. 

The pH variation in the stomach may affect dosage form performance, drug 

dissolution, and drug absorption.  It is important to consider the range of gastric pH in 

selecting a drug substance and excipients for designing oral drug delivery systems, 

especially the gastroretentive dosage forms which aimed to be retained in the stomach for 

a prolonged period of time. 

1.6.2.4 Gastric content volume 

With respect to dissolution, the volume of gastric contents should also be taken 

into account for the dosage forms to work efficiently. 

In a fasting or resting state, the volume of the gastric contents reflects the 

equilibrium between the amount of fluid secreted by the stomach and gastric emptying.  

In healthy adults, a basal secretion can be produced up to 60 mL with approximately 4 

mmol of hydrogen ions every hour and the secretion volume can go beyond 200 mL with 

15-50 mmol of hydrogen ions per hour, when stimulated [109].  The volume of the 

gastric contents at steady state is approximately 10 mL and it can be increased by the 

amount of food and fluid swallowed to 250 mL or more after a meal [115].  After an 

overnight fast (> 8 hours), the volume of gastric contents averages 20 mL to 30 mL, but 

varies from 0 mL to > 100 mL [116]. 
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1.6.3 Gastroretention approaches 

1.6.3.1 Swelling systems 

When considering this formulation approach, a dosage form swells considerably 

to a size that prevents its passage through the pyloric sphincter after oral intake, 

increasing their gastric retention time in consequence.  The swelling dosage form is 

aimed to be retained in the stomach for prolonged period of time until complete drug 

release has occurred before it is evacuated from the stomach due to the decrease of its 

size and rigidity.  Based on using an appropriate hydrophilic polymer with proper 

swelling properties, the system can achieve sustained or controlled drug delivery [117, 

118].  A polymer with a low degree of crosslinking enhances the swelling ability, but it is 

easy to lose the physical integrity of the system due to often rapid dissolution [119]. 

The swelling system eventually disintegrates into small fragments due to 

continuous expansion, or loses its mechanical strength and integrity due to abrasion or 

erosion [120].  In order to achieve a prolonged gastric retention time, the mechanical 

properties and integrity of the dosage form must be able to withstand the forces caused by 

peristaltic wave, grinding and churning in the stomach [109].  Moreover, time to increase 

to sufficient size to prevent a premature gastric emptying may be a challenge in the 

development of swelling system.  The use of a superporous composite that combines a 

fast swelling with a 100-fold increase of the initial size in minutes and a high mechanical 

strength could be retained in the stomach for only a few hours, being emptied in a fasted 

state in a dog study [121]. 
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1.6.3.2 Bioadhesive or mucoadhesive systems 

Bioadhesive or mucoadhesive systems enable adherence to the gastric epithelial 

cell surface or mucin layer respectively, extending the gastric retention time [122].  The 

surfaces of cell membranes are covered with glycoproteins and glycolipids, with mucin 

being a composite of glycoproteins [109].  The adhesion between the bioadhesive or 

mucoadhesive system and substrate is preferred, and is a result of electrostatic 

interactions, and/or hydrogen bond formation [122].  Anionic, cationic, and natural 

polymers with molecular flexibility, hydrophilic functional groups, and specific 

molecular weight, chain length, and conformation have been proposed to prolong gastric 

retention time of dosage forms [122-124]. 

In the development of a bioadhesive or mucoadhesive dosage form, even though 

some polymers are effective at producing bioadhesion, it is still difficult to retain 

effectively at the target site due to unpredictable adhesion [125, 126] which can be due to 

the high turnover of the mucin layer.  It has been reported the turnover time of the mucin 

layer from production to digestion ranges from 4 to 5 hours [109].  In addition, the 

possibility of the esophageal adherence during administration, leading to drug induced 

injuries may be a safety challenge [127].  A coated dosage form with improved 

dissolution properties may avoid adherence in the mouth or esophagus and may result in 

improvement of gastroadhesion.  However, non-specific adhesion of bioadhesive or 

mucoadhesive polymers with gastric contents might occur due to their good adhesive 

ability [109]. 
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1.6.3.3 Floating systems 

Floating dosage forms comprise low density materials or those that rapidly lower 

their density to enable buoyancy in the stomach contents and increase gastric residence.  

Residence can be terminated by increasing the density of the floating device or by 

complete emptying of the stomach contents. 

With many simplified practical approaches to increased gastric residency through 

inherent buoyancy, floating dosage forms are widely used for pulsatile delivery.  A 

combination of floating and pulsaltile principles offers an advantage that the system can 

achieve long residence time in the stomach which is sufficient for delivering an adequate 

amount of drug at the right time, particularly in diseases requiring medication during 

sleeping and awakening as shown in Table 1.7. 

In order to allow continuous floating in stomach over a long period of time, 

special design features need to be included, but previous inventions do not maintain the 

structural integrity required to perform the functional aspects.  Also there are 

disadvantages of previously reported floating drug delivery systems that base their 

functionality on gas generation, including the control of in situ acid base reactions.  These 

gas generation systems have a delayed onset of floating and subsequent drug release 

[128, 129]. 

It has been reported that gastric retention times form previous floating drug 

delivery systems ranged from 3 to 10 hours, although their in vitro floating times were 

observed to be more than their gastric retention times [101, 130-132].  Besides 

physiological considerations, this might also resulted from loss of their structural 

integrity and/or buoyancy prior to complete drug release.  This is obviously observed in 

the floating bi-layered and matrix formulations which buoyancy decreased with time due 

to loss of structural integrity [131, 133].  To accomplish drug delivery, a dosage form 
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must therefore maintain the integrity of shape and overall density below the gastric fluid 

density reported as 1.004 g/mL [128] until complete drug release from the system. 

 
Drugs Indications Challenges Comments 

Ranitidine 
[103] 

Nocturnal acid 
breakthrough 

Prevent night-time 
gastric acid surge. 
Poor bioavailability due 
to colonic metabolism. 

Floating core for burst release: low density 
material wax, superdisintegrants and/or 
low viscosity grade swelling polymer 
allowing high water penetration into the 
core tablet. 
Time-lagged coating of floating core tablet 
for pulse release: ethyl cellulose and 
HPMC. 

Ibuprofen 
[134, 135] 

Arthritis Pain at awakening time. 
Low drug release in 
stomach suited for 
NSAID. 

Low density porous carrier: copolymer of 
styrene and divinylbenzene or 
polypropylene. 
Burst release due to high solubility 
increasing drug diffusion when porous 
carriers expose to basic medium. 

Diclofenac 
sodium 
[101] 

Rheumatoid 
arthritis 

Greater drug absorption 
in morning compared to 
evening. 
Site-specific absorption 
from small intestine. 

Hollow/porous calcium pectinate carrier. 
Insolubility of drug and pectin at acidic 
pH, freely soluble of drug at pH > 6.6, 
rapid swelling and gel relaxation of 
calcium pectinate gel at alkaline pH. 

Meloxicam 
[136] 

Rheumatoid 
arthritis 

Pain at awakening time. 
Poor solubility of drug 
in acidic media. 

Low density of porous calcium silicate. 
Sodium alginate beads containing drug 
adsorbed porous calcium silicate powder. 
Lack of disintegration and swelling of 
alginate beads at acidic pH, but highly 
swelling at alkaline pH. 

Verapamil 
HCl [104, 
106] 

Hypertention 
Angina 

Blood pressure arises 
before waking up. 
A decrease in drug 
release rate due to 
passing from the 
stomach into the 
intestine causes in vivo 
variability and low 
bioavailability. 

Bulk density of capsule < 1 g/mL due to 
buoyant material filled at the bottom of 
capsule and erodible plug (HPMC/lactose 
tablet) delays the onset of release through 
its erosion until timed removal from the 
capsule and resulting in pulse release of 
the drug [104]. 

Dry coated tablet comprises rapid release 
core tablet, coated by pulsatile layer 
(erodible polymer) and buoyant layer 
containing HPMC, carbomer, and sodium 
bicarbonate [106]. 

Table 1.7: Floating pulsatile drug delivery systems for chronotherapy. 
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Theoretically, a buoyant dosage form less dense than the stomach fluid remains in 

the fundus and stays out of the contraction zone.  However, the buoyant dosage form is 

possibly evacuated from the stomach due to the low amount of the gastric contents 

increasing opportunity of dosage form to stay in the contraction zone (antrum or pylorus) 

which acts as pump for gastric emptying. 

The posture of the subject also leads to difference in gastric retention.  In upright 

position, floating dosage forms are protected against emptying; remaining above the 

gastric contents irrespective of their size.  In supine position, floating dosage forms 

appear to remain buoyant at a variety of positions in the stomach, but they may be 

evacuated from the stomach during moving distally by virtue of antral peristaltic waves, 

leading to shorter gastric retention time when compared to patients with an upright 

position [89].  Therefore, moving from the upright to the supine position markedly affects 

the emptying of formulations and the rate and extent of drug absorption as a 

consequence.  Additionally, faster emptying of floating formulations than food has been 

observed in subjects lying on their left side or their backs while slower emptying was 

detected in subjects lay on their right side with the formulation positioned in the greater 

curvature [137].  When the subjects lay on their left side the formulation was presented to 

the pylorus ahead of the meal and so emptied first.  Posture also affects the emptying of 

large non-disintegrating capsules (Heidelberg capsules) from the fasted stomach.  

Capsules are only passed into the duodenum during phase III of the first MMC initiated 

when the subjects are lying in the right lateral position [138].  The gastric residence of 

floating and non-floating tablets is similar in supine position [139].  Therefore, an 

increased size of floating dosage forms becomes an advantage for prolonging the gastric 

retention time against evacuation through the pyloric opening. 
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1.6.4 Current gastroretentive dosage forms for multi-pulsatile drug delivery 

With aiming to improve patient compliance reducing dosing frequency could lead 

to enhancing patient adherence to therapy and better clinical outcomes.  Gastroretentive 

dosage forms, including floating systems, swelling systems, and bioadhesive systems 

have been proposed to deliver multiple pulses of a drug (Table 1.8). 

 
Patent Characteristics Comments 

WO2002085332 
[140] 

 Two pulses 
 Tablet 
 Floating 

 Tablet design requires the manufacture of tri-layered tablet 
over which a compression coating of the lower density 
(fatty/waxy) layer will be given. 

WO2009017716 
[39] 

 Two pulses 
 Swelling 
 Floating (gas 
generating agent) 

 Swelling and buoyancy can be decreased with time due to 
loss of structural integrity by dissolution/erosion of 
hydrophilic polymer. 
 

 Disadvantages in controlling in situ acid base reaction and 
subsequent drug release. 

WO2007079082 
[141] 

 Three pulses 
 Multiparticulates 
 Bioadhesive 

 Multiparticulate system could be distributed over the 
length of the GI tract and release the drug at different 
locations. 

Table 1.8: Multiple dose delivery of gastroretentive pulsatile drug delivery systems. 

A two-pulse tablet composed of a multilayered core placed in a cup-shaped 

envelope was designed to release drug during floating on gastric fluid as explained in 

WO2002085332 [140].  The core was made up of drug release layers and no-drug release 

layers, superposed in alternate succession.  The cup-shaped envelope covered bottom and 

side surfaces of the core while leaving exposed an upper surface of the core.  The cup-

shaped envelope comprising low density mixture of hydrophobic material (fatty and/or 

waxy) and inert powdered filler provided for buoyancy by being formed of a 

compression-sintered mixture.  The true pulsatile release of two doses of the drug with 

sufficient buoyancy was demonstrated with the short lag-time interval of 2 or 4 hours 

between each pulse. 
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Swelling system has also been used for two-pulse delivery as described in 

WO2009017716 [39].  The first dose of a drug was immediately released after oral 

administration while the second dose was contained in a swelling polymer (such as PEO 

or HPMC) which can expand the size sufficient to achieve gastric retention before 

releasing the drug at 2-6 hours after administration.  Also including gas-generating agents 

can be incorporated into the system, optionally to promoting swelling or increasing 

buoyancy. 

Multiple pulses from bioadhesive-pulsatile delivery system were developed as 

described in WO2007079082 [141].  The system consisted of three different pellets or 

beads: one immediate release and two delay releases and was further processed by 

compressing into a tablet or filling into a capsule.  For the second pulse release, the 

pellets were coated with an expanding layer and pH independent layer.  In order to 

achieve the third dose from retention in stomach, the pellets could be coated with the 

expansion layer, an enteric layer with a mucoadhesive layer. 

However, these proposed systems still require further in vivo studies to confirm 

their functionalities. 

Challenges in development of multi-pulsatile drug delivery system are also 

summarized in Table 1.9. 
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Factors Challenges Comments 

Gastric pH Variation of pH during a day from pH 
1 to 7. 

Select a suitable drug and 
excipients. 
Utilize an enteric protection. 

Gastric motility 
Fasted state 
 
Fed state 

 
Housekeeper waves in Phase III of 
IMMC. 
During motor quiescence opening 
diameter of pyloric aperture varied 
from 5-13 mm and can be widen 
slightly. 

Require sufficiency in size and 
mechanical strength of dosage 
forms. 

Volume of gastric 
contents 

After overnight fast: varies from 0 mL 
to > 100 mL. 

Expected variation of dissolution. 

Transit time in the upper 
GI tract 

Conventional dosage forms: 4-6 
hours. 

Gastroretentive dosage forms 
increase the gastric residence 
time. 

Subject posture 
Upright position 
Supine position 

Effect on floating dosage forms. 
Remaining above the gastric content. 
Possibility of emptying due to moving 
distally by antral wave. 

Require fast floating, efficient 
buoyancy and sufficient integrity. 
Increase size to overcome 
emptying in supine position. 

Intragastric forces and 
pressure (peristaltic wave, 
grinding, churning) 

Effect on swelling dosage forms. Require fast swelling, high 
mechanical strength. 

Mucus exchange and 
gastric motility 

Effect on bioadhesive or 
mucoadhesive dosage forms. 

Little can be expected in long-
term gastric retention. 

Table 1.9: Challenges in development of multi-pulsatile drug delivery system. 

1.7 CONCLUSION 

Multiple dose delivery system based on pulsatile drug delivery has a potential to 

be an appropriate alternative options for either conventional immediate release 

formulations or sustained release formulations for successful therapy in a number of 

diseases.  There are possibilities for multiple dosing to be employed to enhance drug 

absorption, avoid pharmacological tolerance, target drug as time-specific needs, and 

reduce dosing frequency.  Transit times of multiple dose formulations in the human GI 

tract can become a limitation in development of a multiple dose delivery system.  With a 
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gastroretentive capability, a formulation could have a broad therapeutic potential to 

incorporate multiple dose delivery as a single dose administration. 
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Chapter 2:  Research Outline 

2.1 OVERALL OBJECTIVE 

The hypothesis of this dissertation was that a single administration gastroretentive 

drug delivery system could be designed to deliver single- or multi-pulse(s) of drug after 

pre-programmed lag-time, whilst maintaining sufficient structural integrity and buoyancy 

in a vertical orientation until complete drug release had occurred.  The goal of this 

research was to develop multiple dose delivery platforms for a variety of drugs as a single 

oral administration, designed to enhance patient compliance and, thereby achieving 

improved therapeutic outcomes.  The multiple dose platforms were aimed to deliver 

multiple appropriate doses of a drug at specific time in a pulsatile fashion whilst being 

retained in the stomach.  This gastro-retentive approach targets the advantage of floating 

dosage forms which would allow each dose of the drug to release drug above or within 

the absorption area for optimal and/or maximal bioavailability.  During development, the 

structural integrity, buoyancy capability, and gastroretentive function were examined in 

vitro.  Ultimately the data obtained are used to make assumptions about the ability of 

drug delivery platform to avoid destruction and/or relocation to the lower GI tract during 

the intense peristaltic contraction of the stomach.  Controlling lag-time intervals and 

onset of the pulsatile delivery for each dose of the drug by varying compositions of the 

lag-time interval layer were also studied.  The applicability of multiple dose platforms for 

delivery a variety of drugs in the treatment of infectious diseases and chronic diseases 

was also investigated. 
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2.2 SUPPORTING OBJECTIVES 

2.2.1 Development of a Gastroretentive Dosage Form for Pulsatile Drug Delivery 

A novel gastroretentive pulsatile drug delivery platform was developed by 

combining the advantages of floating dosage forms for the stomach and pulsatile drug 

delivery systems.  A gastric fluid impermeable capsule body was prepared using a 

dipping process which was optimized for use to prevent acid/water ingress during 

functionality of the final assembled device.  The ability of the capsule body to resist 

acid/water permeability was examined for selecting an appropriate impermeable capsule 

body that could maintain a relatively sound structural integrity.  Buoyancy performance, 

stability of floating, and gastroretentive ability of the floating capsule containing a tablet 

were evaluated to determine the optimal loading capacity/tablet content inside in the 

capsule body.  A gastroretentive pulsatile drug delivery platform was therefore 

constructed based on this optimized impermeable floating capsule body.  Theophylline 

was selected as a model drug in the optimization stages of the platform delivery system.  

Controls of the lag-time interval and onset of the pulsatile delivery of the drug were 

investigated by varying compositions (different amounts and specific grades of 

polyethylene oxide (PEO) and hydroxypropyl methylcellulose (HPMC)) of the lag-time 

interval layer, and evaluated using dissolution studies. 

2.2.2 Optimization of the Gastroretentive Multi-Pulsatile Capsules 

Many treatments require the administration of multiple dose regimens to maintain 

prolonged therapeutic activity of drugs.  The objective of this study was to optimize the 

previously investigated gastroretentive pulsatile drug delivery platforms by enabling 

them to function by delivering multiple doses of a drug over an extended period of time.  

The novel multiple dose platforms comprised the first immediate dose of a drug, held in a 
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soluble gelatin capsule cap and other subsequent pulsatile dose(s) within the body of a 

floating multi-pulsatile capsule.  Optimal pre-programmed lag-time intervals, prior to 

pulsatile drug release, were examined and controlled by manipulation of the composition 

(different amounts and specific grades of PEO and HPMC) and thickness/amount of the 

lag-time interval layer(s).  However, the higher polymer content in the lag-time tablet had 

demonstrated increasing incidence of premature drug release prior the desired pulsed 

release time.  As a consequence, the inclusion of a thin spacer tablet, placed between the 

pulsatile drug tablet and the lag-time tablet was seen to inhibiting premature drug release.  

The influences of composition and relative quantity of the thin spacer tablet were also 

investigated with respect to device performance. 

2.2.3 In Vitro Performance Testing of the Gastroretentive Multi-Pulsatile Capsule 

In order to assure robustness and reproducibility of the multiple dose platform, 

various in vitro dissolution studies in different medium (varying pH and alcohol content) 

and different hydrodynamic conditions (varying speed rotation) were performed.  

Stability tests have been also conducted under accelerated storage condition (40 °C/75% 

RH) for 6 months and under ambient storage condition (25 °C/50% RH) for 12 months.  

The robustness and reproducibility of the multiple dose platform were evaluated through 

drug release characteristics, buoyancy behavior as well as structural integrity and dose 

dumping events.  The results were discussed to warrant further investigation on a wider 

library of drugs in addition to additional in vivo study. 

2.2.4 Clinically Relevant Gastroretentive Multi-Pulsatile Formulation Design for 
Once-Daily Administration 

Modulation of drug delivery for targeted diseases could be achieved by using the 

novel multiple dose platforms described in this work.  The pulse timed interval(s) of drug 
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release and/or the time of administration the formulations can be adjusted closely related 

to pathophysiology of specific diseases.  In this study, the potential applicability of 

multiple dose platforms are designed to provide repeated release profiles of ciprofloxacin 

and verapamil in order to accomplish multiple-daily dosing regimens as a once-daily 

administration in the treatment of infectious diseases and cardiovascular diseases 

respectively.  Based on constructions and results from the lead experimental chapters in 

this work, the multiple dose platforms would be expected to deliver each dose of drug as 

a pulsatile pattern whilst remaining buoyant in the dissolution medium.  Implications for 

the use of the multiple dose platforms for ciprofloxacin and verapamil were also 

discussed and compared with the current multiple-daily and once-daily dosing regimens. 
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Chapter 3:  Development of a Gastroretentive Dosage Form for 
Pulsatile Drug Delivery 

Significant portions of this chapter were taken from: Sumalee Thitinan, Jason T. 

McConville (co-author), Development of a Gastroretentive Pulsatile Drug Delivery 

Platform, Journal of Pharmacy and Pharmacology (In press).  Insights and constructive 

comments from Dr. Jason T. McConville on my work have been improved the quality of 

this paper. 

Abstract: 

A gastroretentive pulsatile drug delivery platform for oral administration was 

developed using a novel floating capsule which has been designed to deliver a drug as a 

pulsatile fashion while being retained in the stomach.  A gastric fluid impermeable 

capsule body was used as a vessel to contain a drug layer as well as a lag-time controlling 

layer.  A controlled amount of air was sealed in the innermost portion of the capsule body 

to reduce the overall density of the drug delivery platform, enabling gastric floatation.  

An optimal mass fill inside the gastric fluid impermeable capsule body enabled buoyancy 

in a vertical orientation to provide a constant surface area for controlled erosion of the 

lag-time controlling layer.  The lag-time controlling layer consisted of a swellable 

polymer which rapidly formed a gel to seal the mouth of capsule body and act as a barrier 

to gastric fluid ingress.  By varying the composition of the lag-time controlling layer, it 

was possible to selectively program the onset of the pulsatile delivery of a drug.  This 

new delivery platform offers a new method of delivery for a variety of suitable drugs 

targeted in chronopharmaceutical therapy.  This strategy could ultimately improve drug 

efficacy, patient compliance, and reduce harmful side effects by scaling back doses of 

drug administered. 
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3.1 INTRODUCTION 

It is now well established that maintaining a relatively constant plasma drug level 

throughout the dosage interval is not optimum in many conditions.  Relationships 

between drug presence, duration of action and safety may be influenced by, among other 

factors circadian rhythms.  Varying drug concentrations in the biosystem may be more 

effective if coinciding with, and being capable of managing peak manifestations of the 

clinical condition.  Pulsed, rather than persistent delivery may also alleviate or eliminate 

side effects [1].  Targeting a specific rhythm of a disease could reduce dosage, thereby 

reducing drug exposure and some unwanted side effects.  Targeting rhythms may also 

prevent drug interactions, providing wider treatment options for patients suffering from 

multiple ailments.  Consequently, the concept of chronotherapeutics has emerged and is 

based on time-dependent variations in the risk or symptoms of diseases as well as in the 

pharmacokinetics and pharmacodynamics, efficacy, and toxicity of drugs [2-4]. 

With recently improved understanding in chronopharmacology, oral pulsatile 

drug delivery systems to match the circadian pathophysiology following a pre-determined 

lag-time, have the potential to attain optimal clinical outcomes [3, 5].  For example, blood 

pressure and heart rate in patients with hypertension rapidly increase after awakening 

from the nighttime, coinciding with the risk period of adverse cardiovascular events (e.g., 

angina, myocardial infarction, sudden cardiac death and thrombotic and hemorrhagic 

stroke) [6-10].  A drug delivery system administered at bedtime, but releasing drug well 

after the time of administration (during morning hours), would be ideal in this case.  The 

same could be true for preventing the symptoms of rheumatoid arthritis, allergic and 

infectious rhinitis, and migraine headache in the morning [11]. 

However, transit time of dosage forms in the gastrointestinal (GI) tract may 

become a challenge, particularly for several drugs that are preferentially absorbed from 
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the upper GI tract.  The GI transit times of many oral dosage forms across the stomach 

and small intestine can be approximately 4-6 hours [12].  Pulsatile delivery system may 

release drug at the correct time as programmed from the system, but drug may be 

released into a region of the GI tract where it is only poorly absorbed or worse not 

absorbed at all.  These considerations led to the development of oral pulsatile release 

dosage forms possessing gastric retention capabilities that would allow the systems to 

remain above or within the window of absorption, and extend the period of absorption of 

drugs exhibiting limited window of absorption in the upper GI tract [13-20].  With the 

hope that targeting this window of absorption would lead to an improvement of the 

pharmacokinetic profiles, bioavailability, and subsequent therapeutic outcomes. 

Various approaches have been pursued to increase the retention of an oral dosage 

form in the stomach including: floating systems [21-24], bioadhesive systems [25, 26], 

swelling and expanding systems [27, 28], and high-density systems [29, 30].  With many 

simplified practical approaches to increased gastric residency through inherent buoyancy, 

floating dosage forms are widely used for pulsatile delivery.  A combination of floating 

and pulsaltile principles offers an advantage that the system can achieve long residence 

time in the stomach which is sufficient for delivering an adequate amount of drug at the 

right time, particularly in diseases requiring medication during sleeping and awakening 

[13, 15-20]. 

To accomplish drug delivery, a floating dosage form must maintain structural 

integrity and overall bulk density lower than that of gastric contents (reported as ~ 1.004 

g/mL [31]) until complete drug delivery from the systems.  However, the reported gastric 

retention times from previous floating drug delivery systems range from 3-10 hours, even 

though they floated in the dissolution medium more than 24 hours [21-23, 32].  This 
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might be the result from loss of integrity and/or buoyancy of the system before attaining 

complete drug release. 

Since multiparticulate systems could be distributed over the length of the GI tract 

due to requiring floating lag-time of these systems and then the drug could be released at 

different locations, single unit systems might be more favorable because of the large size 

of the dosage forms which restricts rapid passage through the gastric pylorus [33]. 

The present study focused on developing a novel gastroretentive pulsatile drug 

delivery platform for oral drug delivery that maintains sufficient structural integrity and 

overall density below that of the gastric content (i.e. <1 g/mL) until complete drug release 

had occured.  The development of a gastric fluid impermeable capsule body that floats in 

a vertical orientation to deliver a payload of drug at pre-determined lag-time intervals is 

described. 

3.2 MATERIALS 

Capsugel provided hard gelatin capsules size 0 (Capsugel, Greenwood, SC).  Dow 

Chemical provided ethylcellulose (EC; Ethocel® Standard 100 Premium), hydroxypropyl 

methylcellulose (HPMC; Methocel® K 100 Premium LV, viscosity 80-120 cP in 2% 

solution and E50 Premium LV, viscosity 40-60 cP in 2% solution), and polyethylene 

oxide (PEO; Polyox® WSR N-750, MW 0.3 × 106, viscosity 600-1,200 cP in 5% solution 

and WSR 205, MW 0.6 × 106, viscosity 4,500-8,800 cP in 5% solution) (Dow Chemical 

Company, Midland, MI).  Evonik Industries provided Eudragit® S100 and Eudragit® 

L100-55 (Evonik Degussa Corporation, Parsippany, NJ).  JRS Pharma provided silicified 

microcrystalline cellulose (SMCC; Prosolv SMCC® 90) (JRS Pharma, Patterson, NY).  

Mutchler Inc. provided lactose monohydrate (FlowLac® 100) (Mutchler Inc., Harrington 

Park, NJ).  Vertellus provided triethyl citrate (TEC) (Vertellus, Greensboro, NC).  Other 
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materials were purchased from various suppliers: acetone (VWR International, Inc., 

Suwanee, GA), isopropanol (Thermo Fisher Scientific Inc., Fair Lawn, NJ), litmus 

indicator (powder) (Acros Organics, Geel, Belgium), theophylline anhydrous (powder, 

U.S.P), croscarmellose sodium, and magnesium stearate (MgSt) (Spectrum Chemicals, 

Gardena, CA). 

3.3 METHODS 

3.3.1 Preparation of gastric fluid impermeable capsule bodies 

3.3.1.1 Ethylcellulose (EC) capsule bodies 

EC capsule bodies (size 0) were prepared using a laboratory scale dipping 

process.  The gelatin capsule bodies were separated from the cap and dipped into the 

coating solution which contained Ethocel® Standard 100 Premium and TEC (ratio 95:5) 

as 8%, 9%, and 10% w/v solutions in a 50:50 v/v mixture of acetone and isopropanol for 

10 seconds per dipping cycle, with a periodicity of 10 minutes (to allow for evaporation) 

in the fume hood.  The capsule bodies were then dried in the oven at 40 °C.  The drying 

time was optimized to remove all the solvent (Table 3.2).  The resultant capsule bodies 

were then further processed by simply immersing them in hot water to remove the gelatin 

layer, this simple step yielded a completely impermeable capsule body made solely of 

EC. 

3.3.1.2 Enteric capsule bodies 

The enteric capsule bodies (size 0) were also prepared on a laboratory scale 

dipping process.  Various coating solutions containing either Eudragit® S100 20%, 25%, 

30%, 35% or 40% w/v plasticized with TEC 3%, 5%, 10%, 15%, or 20% w/w based on 

dry polymer weight or Eudragit® L100-55 30% w/v plasticized with TEC 10% w/w based 

on dry polymer weight in a 50:50 v/v mixture of acetone and isopropanol were prepared.  
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As above, the gelatin capsule bodies were separated from the cap part and dipped into 

coating solution for 10 seconds per dipping cycle, with a periodicity of 10 minutes (to 

allow for evaporation) in the fume hood.  The coated capsule bodies were then dried in 

the oven at 40 °C for 12 hours to remove all the solvent.  The resultant capsule bodies 

were then further processed by simply washing in hot water in order to fast remove the 

gelatin layer, yielding a completely enteric capsule body. 

3.3.2 Acid/water permeability evaluation 

Gastric fluid impermeable capsule bodies were filled with litmus indicator 

powder.  Individual impermeable capsule bodies (n = 6) were then placed into beakers 

containing 0.1N HCl buffer solution (40 mL) with the temperature maintained at 37 ± 2 

°C.  A color change observed in the litmus indicator as well as the visual migration of the 

dissolved indicator into the capsule wall were both considered to be failures in acid/water 

permeability resistance (Figure 3.1). 

 

 

Figure 3.1: Acid/water permeability evaluation. 

3.3.3 Buoyancy and optimal loading capacity 

EC capsule bodies manufactured with an average weight of 56 mg were selected 

to house 13 different HPMC/lactose tablet weights of 100, 200, 300, 400, 450, 460, 500, 

600, 645, 650, 655, 660, and 665 mg.  The mixture of HPMC/lactose was composed of 
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80% w/w Methocel® K 100 Premium LV, 19.5% w/w FlowLac® 100, and 0.5% w/w 

MgSt.  All powdered ingredients were passed through a 600 µm sieve before use (to aid 

deagglomeration of powders prior to mixing).  Methocel and FlowLac® 100 were tumble 

mixed for 15 minutes.  MgSt was then added, and the mixture was further tumbled mixed 

for another 5 minutes.  The dry powder blend was compressed manually to the die of a 

single punch tableting machine (Model F, F.J. Stokes Machine Company, Philadelphia, 

PA) equipped with a 7-mm diameter flat faced punch (Natoli Engineering Company, Inc., 

St.Charles, MO). 

Each tablet was positioned flush to the open end of a capsule body.  This sealed 

air in the innermost portion of the capsule body (Figure 3.2).  A loading capacity test was 

performed by using a horizontal shaker method.  A beaker containing 900 mL 0.1N HCl 

buffer solution was placed on a horizontal shaker (Lab-Line Orbit Environ-Shaker, Lab-

Line Instruments, Inc., Melrose Park, ILL) and each device was dropped into the beaker.  

Whilst shaking at 100 rpm for 2 minutes, the floating behavior was evaluated.  This 

included an assessment of floating orientation of assembled capsules, using a visual 

ranking scheme.  The ranking scheme was classified as: partially submerged, inclined, or 

vertically oriented.  The theoretical metacentric height, or  distance (Figure 3.2), was 

also calculated using Eq. (3.4) below and compared to the visual stability evaluation. 

Additionally, the bulk density of each assembled capsule was also determined.  

Experiments were performed in triplicate (n = 3) for each different HPMC/lactose tablet 

weight in each case. 
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Figure 3.2: Stable position (vertical orientation) relative to water line (blue line) of 
floating capsule body containing tablet inside:  = center of buoyancy,  = 
center of gravity,  = metacenter,  = center of gravity of impermeable 
capsule body,  = center of gravity of tablet,  = depth of immersion,  = 
radius of impermeable capsule body,  = lenght of impermeable capsule 
body and  = height of tablet (modified from reference [34, 35]). 

In the hydrostatic principles from the study of the “stability of a floating body” 

[34], the  distance is a parameter used to evaluate the stability of floating body and it 

can be applied to a floating capsule body in the present study.  The  distance can be 

calculated by knowing the mass and dimensions of the capsule body and tablet 

component, and by applying Eq. (3.1) below [34]. 
 

4   2  (3.1)
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 and  are centers of gravity of the capsule body and tablet, respectively and 

the distances of  and  can be calculated using the Eq. (3.2) and Eq. (3.3) 

respectively [35]. 

 
4 3 6

3 12  (3.2)

 2  (3.3)

Therefore, Eq. (3.1) can be expressed as the below equation. 

4  

4 3 6
3 12 2

 

 

2  

(3.4)

Where  : density of fluid or medium (mg/mL) 

  : mass of impermeable capsule body (mg) 

  : mass of tablet (mg) 

  : radius of impermeable capsule body (cm) 

  : lenght of impermeable capsule body (cm) 

  : height/thickness of tablet (cm) 
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The dimensions of the floating device that maintains a vertically stable position 

are shown in Figure 3.2.  For stability, the  distance indicated in the Eq. (3.4) must be 

positive and the stability (restoring force) increases with increasing  distance [34]. 

3.3.4 Gastric retention modeling study of floating devices 

EC capsule bodies manufactured with an average weight of 56 mg were selected 

to house two different HPMC/lactose tablet weights of 460 and 640 mg corresponding to 

bulk densities of 0.73 and 0.98 g/mL, respectively.  The HPMC/lactose tablets 

comprising 80% w/w Methocel® K 100 Premium LV, 19.5% w/w FlowLac® 100, and 

0.5% w/w MgSt were prepared using the same procedure as described in Section 3.3.3. 

Each tablet was positioned flush to the open end of a capsule body, this sealed air 

in the innermost portion of the capsule body (Figure 3.2).  Capsules were transferred into 

various volumes of 0.1N HCl buffer solution inside volumetric flasks.  Then, the 

volumetric flasks of different sizes and opening diameters were placed onto a horizontal 

shaker (Lab-Line Orbit Environ-Shaker, Lab-Line Instruments, Inc., Melrose Park, ILL) 

at upright and supine positions.  A gastric retention test was performed by shaking at  

100 rpm for 3 hours.  If the floating capsule did not enter the flask opening, then the 

device was considered to have potentially useful gastric retentive abilities.  Experiments 

were performed in triplicate (n = 3) for each of the different HPMC/lactose tablet weights 

in each case. 

Additionally, floating characteristics of the gastroretentive capsules were 

evaluated during the test.  The floating lag-time was examined by visual observation (that 

is the time delay at which the capsule begins to float on the media following addition).  

Floating orientation of the capsule on the medium was also assessed using the same 
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visual ranking scheme as in the buoyancy methods section above (Section 3.3.3).  In 

addition, the structural integrity of the devices during the study was visually monitored. 

3.3.5 Manufacture of gastroretentive pulsatile drug delivery platforms 

3.3.5.1 Preparation of model theophylline tablets 

A theophylline tablet was composed of 5% w/w theophylline anhydrous, 71.5% 

w/w FlowLac® 100, 20% w/w Prosolv SMCC® 90, 3% w/w croscarmellose sodium, and 

0.5% w/w MgSt. 

All powdered ingredients (except for the MgSt) were passed through a 600 µm 

sieve before use for deagglomeration before tumble mixing for 15 minutes.  MgSt was 

added and tumbled mixed with the blend for a further 5 minutes.  The powder blend (100 

mg) was fed manually into a single-punch tablet press machine (Model F, F.J. Stokes 

Machine Company, Philadelphia, PA) equipped with a 7-mm diameter non-beveled flat 

faced punch (Natoli Engineering Company, Inc., St.Charles, MO) and compressed to a 

tablet with mean hardness of 7 kilopond (kp) and mean thickness of 1.9 mm. 

3.3.5.2 Preparation of lag-time tablets 

Lag-time tablets were prepared by selecting one of four polymers: Polyox® WSR 

N-750, Polyox® WSR 205, Methocel® E50 LV, or Methocel® K100 LV. The selected 

polymer was blended with FlowLac® 100 and MgSt as shown in Table 3.1, using the 

same procedure as described for the theophylline tablet with mean tablet height of 1.9 

mm.  Importantly in this study, the thickness of the lag-time tablet was controlled to be at 

a constant value. This was because the relative tablet thickness had a direct impact on 

increasing distance of the tablet from the exit point of the floating capsule body (mouth), 

directly affecting the water ingression and subsequent dissolution profile. 
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3.3.5.3 Preparation of spacer tablets 

Powder blends comprising 76.5% w/w FlowLac® 100, 20% w/w Prosolv SMCC® 

90, 3% w/w croscarmellose sodium, and 0.5% w/w MgSt were prepared using the same 

procedure as described for theophylline tablet and pressed at an average weight of 400 

mg with mean hardness of 20 kp and mean height of 7.5 mm. 

 

Formula 

Composition 

Total Polyox® 

WSR 
N-750 

Polyox® 

WSR 
205 

Methocel® 
E50 LV 

Methocel® 

K100 LV 
FlowLac® 

100 MgSt 

F1 40.0 − − − 59.5 0.5 100.0 
F2 60.0 − − − 39.5 0.5 100.0 
F3 80.0 − − − 19.5 0.5 100.0 
F4 − 40.0 − − 59.5 0.5 100.0 
F5 − 60.0 − − 39.5 0.5 100.0 
F6 − 80.0 − − 19.5 0.5 100.0 
F7 − − 20.0 − 79.5 0.5 100.0 
F8 − − 40.0 − 59.5 0.5 100.0 
F9 − − 60.0 − 39.5 0.5 100.0 

F10 − − − 20.0 79.5 0.5 100.0 
F11 − − − 40.0 59.5 0.5 100.0 
F12 − − − 60.0 39.5 0.5 100.0 

All the amounts are shown as milligrams.

Table 3.1: Formulations of lag-time tablets. 

3.3.5.4 Physical testing of tablets 

Aiming to deliver a drug from the novel gastroretentive pulsatile capsules as an 

immediate release, theophylline tablets (n = 6) were subjected to disintegration test 

conducted in 900 mL of 0.1N HCl buffer solution at 37 ± 2 °C using Vander kamp 

disintegration tester (Model 71A-174A-3, Van-Kel Industries, Inc., Chatham, NJ).  In 

addition, disintegration study for spacer tablets (n = 6) was also conducted in the same 

condition as conducted for the drug tablets. 



 77

Dissolution test of theophylline tablets (n = 6) was also performed in a USP type 

II apparatus (Hanson SR-PlusTM Dissolution Test Station, Hanson Research Corp., 

Chatsworth, CA) at a paddle speed of 50 rpm in 500 mL of a 0.1N HCl buffer solution 

(pH 1.2) at 37 ± 0.5 °C.  The study was carried out for 60 minutes.  The theophylline 

concentrations from the dissolution test were automatically measured at 270 nm by 

UV/VIS spectrophotometer (Agilent, Santa Clara, CA) every 10 minutes.  The 

dissolution data obtained were plotted as percent cumulative drug released versus time. 

For all tablet types in this study, hardness (n = 6) was evaluated using Heberlein 

hardness tester (Herberlein and Co., AG, Switzerland) and thickness (n = 6) was also 

determined using electronic micrometer (No. 723, The L.S. Starrett Company, Athol, 

MA). 

3.3.5.5 Assembly of gastroretentive pulsatile drug delivery platforms 

The platform was assembled as follows: (i) a spacer tablet was filled into the 

impermeable capsule body; (ii) a theophylline tablet was placed next to the spacer tablet; 

(iii) a lag-time tablet was inserted into the mouth of the impermeable capsule body and 

positioned flush with the end of the impermeable capsule body obtaining a floating 

pulsatile capsule; (iv) to complete construct a gastroretententive pulsatile drug delivery 

platform the floating pulsatile capsule was covered with a gelatin cap (Figure 3.3).  A 

relatively air-tight seal was created in the innermost portion of the impermeable capsule 

body. 
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Figure 3.3: Configuration of the novel gastroretentive pulsatile drug delivery platform. 

3.3.6 Dissolution of gastroretentive pulsatile drug delivery platforms 

The release rates of theophylline containing capsules (n = 6) were determined 

using a USP type II apparatus (Hanson SR-PlusTM Dissolution Test Station, Hanson 

Research Corporation, Chatsworth, CA) at paddle speed of 50 rpm in 500 mL of a 0.1N 

HCl buffer solution (pH 1.2) at 37 ± 0.5 °C.  The theophylline concentration from the 

dissolution test was automatically measured at 270 nm by UV/VIS spectrophotometer 

(Agilent, Santa Clara, CA) every 10 minutes.  The dissolution data obtained were plotted 

as percent cumulative drug released versus time.  The time of 50% drug release of pulse 

release (T50%) was also calculated by extrapolation on the time axis of each individual 

release curve. 

3.3.7 Floating characteristics 

Floating characteristics of the gastroretentive pulsatile capsules were evaluated 

during dissolution study (n = 6).  The time between the introduction of whole capsule and 

its buoyancy on the medium until floating pulsatile capsule floated in a vertical 

orientation were observed.  The time during which the device remained buoyant (floating 

duration) was also examined.  After dissolving of gelatin cap, floating orientation of the 
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capsule on the medium was assessed using the same visual ranking scheme as in 

buoyancy methods Section 3.3.3.  The  distance was also calculated using Eq. (3.4) 

and compared to the visual stability evaluation.  In addition, structural integrity of the 

capsules during study was visually monitored. 

3.3.8 Statistical analysis 

All data were shown as mean ± standard deviation (SD).  T50% was determined to 

compare the pulsatile release of all formulations (n = 6).  In addition, the statistical 

differences of drug release and T50% among those investigated formulations were 

determined using a one-way ANOVA (JMP 7 software, SAS Institute Inc., Cary, NC).  A 

p value of less than 0.05 was considered statistically significant. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Preparation of gastric fluid impermeable capsule bodies 

Many kinds of devices to house the pulsatile doses have been discussed 

previously in the literature and the most extensively described device is a coated gelatin 

capsule.  EC is an insoluble and water-impermeable polymer that has been used to coat 

the gelatin capsule in the PulsincapTM device [36] and in alternative versions of 

PulsincapTM [37, 38].  Cellulose acetate has also been used to coat the gelatin capsule in 

the Port® system due to its semi-permeable property [39].  The critical areas of coating 

are around the open mouth of the capsule and the region of the uncoated gelatin inside the 

capsule.  These areas appear to be the easiest point of entry for water into the capsule 

body, making the gelatin capsule hydrate and lose its structural integrity − This loss of 

structural integrity may eventually result in premature release of the drug [40].  To 

overcome this problem, a dipping process (modified hard gelatin capsule dipping 

process) followed by removal of gelatin layer by dissolution was introduced in this study. 
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EC (Ethocel® standard 100 premium) and enteric acrylic acid copolymers 

(Eudragit® S100 and Eudragit® L100-55) were chosen as the film former to prepare 

gastric fluid impermeable capsule bodies which can prevent premature release of drug in 

low pH gastric juices.  TEC was selected as the plasticizer due to its pharmaceutical 

acceptability and low volatility [41].  Briefly, film formation was achieved due to 

evaporation of solvent in polymer solution, which initiates an increase in polymer 

concentration and interdiffusion of the polymeric chains [42].  Upon solvent evaporation, 

the polymer solution underwent a sol to gel transition with the polymer molecules 

approaching each other to eventually form a homogeneous film [43].  Since plasticizer 

increases polymer chain segment mobility by interpenetration, cumulative intermolecular 

forces along the polymer chains decrease, this leads to a reduction in cohesion and 

brittleness and also an improvement of flexibility [44].  Reducing the polymer glass 

transition temperature [45] by using a plasticizer elevates mobility and softness of the 

polymer molecules  [46]. 

3.4.1.1 Ethylcellulose (EC) capsule bodies 

EC capsule bodies were prepared with incremental coating thicknesses by varying 

dipping cycle periodicities or dipping in different concentrations of coating solutions as 

presented in Table 3.2.  In general, increasing the body weight of impermeable capsule 

also increased the wall thickness of the impermeable capsule as well thereby increasing 

the structural integrity.  However, it is noted that the dipping process for one cycle in 

coating solutions with concentration of 8%, 9% and 10% w/v yielded coatings that were 

too thin for the capsules to be adequately manipulated for further study. 
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Since no decrease in weight was found after drying in the oven at 40 °C for 10, 11 

and 12 hours as shown in Table 3.2, we assumed that the optimal time for curing the 

polymer and removing all the solvent should be at least 12 hours in the present study. 

 
EC 

coating 
solution 
(% w/v) 

Dipping 
cycle 

Capsule body weight (mg ± SD) 
Resistance 

time 
(hours) Gelatin 

Coated capsule body after drying at 40 °C EC capsule 
body 10 hours 11 hours 12 hours 

8% 

1 56.4 ± 0.9 63.6 ± 1.0 63.7 ± 1.0 63.8 ± 1.0 9.6 ± 0.3 NT 

2 56.4 ± 0.5 78.6 ± 0.3 78.4 ± 0.5 78.4 ± 0.5 24.3 ± 0.3 9 

3 57.0 ± 0.8 93.9 ± 0.7 93.8 ± 0.6 93.7 ± 0.7 38.9 ± 0.7 16 

4 57.1 ± 0.5 111.6 ± 1.2 111.5 ± 1.3 111.6 ± 1.3 56.2 ± 1.4 24 

5 56.7 ± 0.2 127.1 ± 0.6 127.0 ± 0.8 126.8 ± 0.7 71.5 ± 0.7 36 

6 56.6 ± 0.8 142.2 ± 3.3 141.9 ± 3.3 141.8 ± 3.4 85.4 ± 2.4 48 

9% 

1 57.6 ± 0.4 66.4 ± 0.5 111.6 ± 1.2 66.8 ± 0.3 11.0 ± 0.5 NT 

2 56.8 ± 0.4 82.3 ± 1.2 127.1 ± 0.6 82.5 ± 1.5 27.7 ± 1.3 9 

3 57.0 ± 0.2 99.5 ± 0.6 142.2 ± 3.3 99.5 ± 0.7 44.5 ± 0.9 16 

4 57.0 ± 0.5 116.8 ± 0.6 116.8 ± 0.6 117.1 ± 0.7 62.1 ± 0.4 28 

5 56.6 ± 0.6 136.9 ± 0.3 136.6 ± 0.3 136.8 ± 0.5 81.1 ± 1.0 48 

10% 

1 57.0 ± 0.7 73.4 ± 1.5 73.6 ± 1.4 73.5 ± 1.4 17.5 ± 1.4 NT 

2 56.8 ± 1.0 94.6 ± 2.5 94.6 ± 2.5 94.9 ± 2.6 38.5 ± 2.2 12 

3 56.9 ± 0.5 121.4 ± 5.9 121.2 ± 5.9 121.3 ± 5.8 63.8 ± 5.1 24 

NT: no test required due to very thin wall of EC capsule body. 

Table 3.2: Ethylcellulose (EC) capsule body weight and resistance time from 
acid/water permeability (n = 6). 

Some limitations for the dipping process were observed and are described as 

follows.  Firstly, the selected solvents of acetone and isopropanol easily vaporize at room 

temperature (24-26 °C).  After one dipping cycle of the gelatin capsule body in the 

coating solution with concentration below 8% w/v, the EC was precipitated as a white 

color on the film during drying (Table 3.3).  However, this problem can be overcome by 
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capsules to be adequately manipulated for further study.  We also found that brittleness of 

the enteric capsule was not reduced by increasing the plasticizer content.  Consequently, 

a high wall thickness of enteric capsule was needed to make it strong enough to avoid 

brittleness.  In this study, enteric capsule bodies with their weight above 85 mg were not 

considered to be too brittle during handling. 

We also try to improve the brittleness by using high amounts of plasticizer from 

10% to 15%, and 20% w/w based on dry polymer weight, but increase in plasticizer level 

above 10% w/w became to decrease the enteric capsule body weight without 

improvement of brittleness and flexibility of the enteric capsule body.  This is the result 

of the impact of plasticizer to reduce the viscosity of the polymer.  Increasing an viscous 

flow of enteric coating solution led to more draining out of coating solution during the 

drying process and consequently decreasing in body weight of the enteric capsule (Table 

3.4 and Figure 3.4) [47]. 

Furthermore, enteric capsule bodies prepared using a coating solution containing 

Eudragit® L100-55 were unfortunately deformed during the process to dissolve gelatin 

out with hot water due to the dissolution property of polymer being above pH 5.5 (Figure 

3.5). 
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Eudragit®, 
% w/v 

TEC 
(% w/w*) 

Dipping 
cycle 

Capsule body wt. (mg ± SD) Mechanical 
strength† 

Resistance 
time Gelatin Coated Enteric 

S100, 20% 

3 
1 55.8 ± 2.7 64.4 ± 2.6 11.2 ± 1.4 Brittle NT 
2 57.1 ± 1.6 80.5 ± 1.1 24.1 ± 0.4 Brittle NT 
3 56.6 ± 1.6 97.1 ± 1.0 39.9 ± 1.3 Brittle NT 

5 
1 56.6 ± 2.1 65.9 ± 1.7 10.8 ± 0.9 Brittle NT 
2 56.1 ± 1.4 80.1 ± 2.3 24.5 ± 1.0 Brittle NT 
3 57.9 ± 2.1 100.1 ± 1.7 41.7 ± 1.7 Brittle NT 

10 
1 58.2 ± 2.6 66.9 ± 2.0 10.6 ± 1.3 Brittle NT 
2 56.7 ± 1.8 82.2 ± 1.8 26.3 ± 0.7 Brittle NT 
3 58.2 ± 2.5 103.8 ± 4.0 44.9 ± 1.7 Brittle NT 

S100, 25% 

3 
1 56.7 ± 2.9 74.6 ± 3.7 19.3 ± 1.4 Brittle NT 
2 56.9 ± 2.6 104.0 ± 2.0 46.6 ± 1.3 Brittle NT 

5 
1 56.1 ± 1.1 73.7 ± 1.8 18.7 ± 1.1 Brittle NT 
2 55.7 ± 1.2 104.4 ± 2.8 47.8 ± 3.4 Brittle NT 

10 
1 56.6 ± 3.3 74.0 ± 2.8 18.9 ± 1.5 Brittle NT 
2 57.2 ± 2.4 106.0 ± 2.5 47.9 ± 1.7 Brittle NT 

S100, 30% 

3 
1 57.9 ± 2.3 92.1 ± 3.6 34.5 ± 1.9 Brittle NT 
2 57.2 ± 2.4 147.2 ± 2.9 86.8 ± 2.7 Not brittle >5 days 

5 
1 55.9 ± 1.3 92.6 ± 2.2 36.9 ± 1.5 Brittle NT 
2 56.6 ± 0.9 150.1 ± 2.0 90.2 ± 2.1 Not brittle >5 days 

10 
1 56.6 ± 0.6 94.9 ± 1.3 39.1 ± 1.4 Brittle NT 
2 56.3 ± 1.2 154.7 ± 2.8 94.9 ± 1.7 Not brittle >5 days 

S100, 35% 

3 1 54.0 ± 1.7 112.1 ± 2.7 59.4 ± 2.7 Brittle NT 
5 1 53.6 ± 2.1 110.5 ± 3.9 58.6 ± 3.3 Brittle NT 
10 1 54.7 ± 2.7 113.5 ± 4.5 60.4 ± 3.4 Brittle NT 
15 1 56.2 ± 2.1 109.6 ± 1.3 54.1 ± 1.8 Brittle NT 
20 1 56.2 ± 2.4 107.8 ± 3.0 52.0 ± 2.1 Brittle NT 

S100, 40% 
10 1 54.4 ± 1.9 128.1 ± 5.3 73.4 ± 5.0 Brittle NT 
15 1 55.9 ± 2.1 125.4 ± 8.0 69.7 ± 8.2 Brittle NT 
20 1 55.1 ± 2.1 120.1 ± 7.2 65.5 ± 7.1 Brittle NT 

L100-55, 
30% 10 

1 56.0 ± 1.8 79.4 ± 2.6 –‡ Brittle NT 
2 56.1 ± 2.1 119.1 ± 3.8 –‡ Brittle NT 

* Percent based on dry polymer weight (% w/w), † during handling, ‡ deformation of capsule body, 
NT: no test required due to very brittle wall of enteric capsule body. 

Table 3.4: Enteric capsule body weight and resistance time from acid/water 
permeability (n = 6). 
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Figure 3.4: Influence of plasticizer (triethyl citrate; TEC) on enteric capsule body 
weights. 

 

(A)               (B)               (C) 

 

Figure 3.5: Appearance of capsule bodies: (A) enteric (Eudragit® L100-55) capsule 
body, (B) enteric (Eudragit® S100) capsule body and (C) gelatin capsule 
body. 
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3.4.2 Acid/water permeability evaluation 

In our study, the floating capsule body was designed to have a restriction of water 

ingress for dissolution/erosion of the tablet content at the single exposed tablet face only.  

Hence, acid/water permeability test was conducted in order to assure that the device 

could be able to resist acid/water permeability until complete drug release had occurred. 

3.4.2.1 Ethylcellulose (EC) capsule bodies 

The ability of the EC capsule body to resist acid/water permeability was 

evaluated.  EC capsule bodies obtained from more than one dipping cycle were able to 

resist the acid permeability for more than 24 hours, as seen from the lack of indicator 

color change.  However, moisture or water could still traverse the wall of EC, and 

subsequently the dissolved litmus indicator (unchanged color) permeated inside of the 

capsule wall.  Therefore, the resistance time of EC capsule body could be limited by 

water permeability resistance failure (Table 3.2). 

After dipping into 8% w/v coating solution for 2, 3, and 4 cycles, EC capsule 

bodies with average weight of 24, 38, and 56 mg showed good resistance from acid/water 

permeability for 9, 16, and 24 hours, respectively.  In addition, the EC capsule bodies 

with average weight of 71 and 85 mg obtained from the dipping process for 5 and 6 

cycles showed excellent resistance times of greater than 24 hours.  The EC capsule 

bodies prepared by dipping in 9% and 10% w/v coating solution also showed excellent 

resistance from acid/water permeability as shown in Table 3.2. 

Based on a desired gastroretention time of the device the resistance time of 

impermeable capsule body to acid/water permeability could be used to select an 

appropriate impermeable capsule body for use as a vessel to contain tablet contents. 
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3.4.2.2 Enteric capsule bodies 

Only enteric capsule bodies with their weight above 85 mg were tested for 

acid/water permeability (Table 3.4).  The results showed excellent resistance from 

acid/water permeability for periods in excess of 5 days. 

3.4.3 Buoyancy and optimal loading capacity 

The gastroretentive performance of floating drug delivery systems were evaluated 

for floating duration as well as buoyancy performance by using a USP type II dissolution 

apparatus. 

Theoretically, a device can float when buoyancy force which is a force exerted by 

the fluid is more than the opposite force from the gravity (as a function of the overall 

mass of the assembled capsule) (Figure 3.6) or the device floats when the total force  

acting vertically on the device is positive (Eq. (3.5)) [48]. 

 (3.5) 

Eq. (3.5) can also be written as follows [49]: 

 ���

 
Where  : density of fluid or medium (mg/mL) 

  : density of solid object or device (mg/mL) 

  : acceleration due to gravity (m/s2) 

  : volume of the device (mL) 

  : mass (weight) of the device (mg) 

For buoyancy, the term of  has to be a positive value. 

Hence,                          (3.7) 
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In the floating capsule body,  is a total mass of  and  assuming the mass 

of air inside the device is negligible, so Eq. (3.7) can be expressed as the below equation. 

 (3.8) 

Eq. (3.8) can be rearranged to determine maximum weight of tablet ( ) as 

following. 

 (3.9) 

We can calculate the volume of the capsule body by measuring its dimensions.  

We also know approximate density of the medium or the gastric contents (~1 g/mL).  

Therefore, we can calculate the maximum weight of tablet ( ) contained inside the 

capsule body that can enable the maintenance of buoyancy in the medium using Eq. (3.9). 

 

 

(A) Partially submerged            (B) Inclined             (C) Vertical 

Figure 3.6: Three possible floating orientations of the floating device relative to the 
water line (blue dashed)− : center of buoyancy and : center of gravity. 

In general, the floating device should be less dense than the stomach contents in 

order to remain in the fundus region of the stomach, where mixing of the stomach 

contents occurs to a lesser extent [50].  Critically the floating position in the fluid could 

be partially submerged, inclined, or vertically orientated by increasing the tablet mass 
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inside the capsule body, respectively as shown in Figure 3.6.  Since dissolution/erosion 

occurs only at the exposed side of tablet facing with the medium, among these three 

floating positions the vertical oreintation will promote the maintenance of a constant 

surface area for dissolution or erosion of tablet inside the floating device. 

However, in a patient situation peristaltic contraction in the stomach would likely 

act on the capsule and potentially force the capsule to sink.  The capsule could suffer an 

even worse fate and be ejected from stomach before accomplishing complete drug 

release.  With the potential for external forces to act on the capsule, the buoyancy test in 

the USP type II apparatus was not considered to be sufficient in determining floating 

status or stability of floating devices in the gastric fluids.  In order to compliment, this 

test the theory of metacentric height (or  distance) was applied to theoretically 

determine the optimal loading capacity of capsule body (Figure 3.7). 

 

 

(A)                                          (B) 

Figure 3.7: Metacentric height (  distance) of a floating device composed of an 
impermeable capsule body, a tablet positioned flush with the end of the 
impermeable capsule body, and an air sealed in the innermost portion of the 
impermeable capsule body: (A) at the vertical position and (B) after tilting. 
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In the hydrostatic principles, a floating body in the vertical position is also said to 

be stable to resist a small disturbance because there is sufficient restoring force in order 

to correct itself to its vertical position again after tilting [34, 51, 52].  The restoring force 

can be determined by  distance using Eq. (3.4) and a higher  distance indicates a 

greater restoring force of the device. 

Indeed, the buoyancy force acts through the center of buoyancy, , and it depends 

on the shape of the submerged volume.  At the most stable position, represented by 

vertical position, the buoyancy force acts through the center of gravity, .  In this stable 

position, the floating device can correct itself back after tilting due to an external force.  

After tilting, the original water surface ( ) is moved to the new water line ( ) 

(Figure 3.7).   remains in the same position relative to the overall mass of the floating 

device, but 
 
moves from 

 
to 

 
because the shape of the submerged volume has 

changed.  The intersection point of the action lines of the buoyancy force before and after 

tilting is called metacenter ( ).  For stability of floating devices,  must be above  or 

distance of  must be a positive value because a higher  distance results in a greater 

restoring force for the floating device to correct itself to its’ stable position.  This also 

represents more stability of the floating device to resist the disturbance from sinking. 

In order to investigate the stability of the floating device we set up the loading 

capacity test using a horizontal shaker method.  Each device was horizontally shaken at 

100 rpm for 2 minutes, which was enough time to determine whether each differing bulk 

density could float in vertical orientation or not.  Different bulk densities of the devices 

were achieved by varying inserted tablet masses to evaluate the optimal loading range for 

the vertical floating orientation. 

The results from the stabilized buoyancy and loading capacity test were shown in 

Table 3.5.  Increased tablet weights incorporated into the capsule bodies resulted in an 
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increased overall density, and the assembled capsule bodies sank above the critical 

density of the medium (approximately 1 g/mL).  Interestingly, some capsule bodies sank 

while they were horizontally shaken at 100 rpm even though their densities were below 

the medium’s density.  This indicates that stabilized buoyancy is the important factor and 

must be evaluated early on in the formulation design of these gastroretentive drug 

delivery systems. 

We also found that devices were able to float on the surface of the medium in a 

vertical orientation when their densities were approximately 0.71 g/mL to 0.98 g/mL, 

corresponding to an optimal loading capacity between 450 mg to 645 mg of the EC 

capsule body with the average weight of 56 mg.  In addition the  distance increased 

with increasing tablet weight inside the capsule body, which corresponded in practical 

terms to increasing vertical buoyancy with more stable in buoyancy of devices. 

 

Table 3.5: Buoyancy parameters of the investigated floating capsule bodies. 

 
(mg) 

 
(cm) 

 
(cm) 

 
(mg) 

 
(cm) 

 
(cm) 

Floating 
behavior 

Bulk 
density 
(g/mL) 

56.9 ± 0.8 1.80 ± 0.01 0.37 ± 0.00 100.3 ± 0.6 0.19 ± 0.00 -0.10 ± 0.00 Partially 
submerged 0.22 ± 0.00 

56.8 ± 0.7 1.79 ± 0.01 0.37 ± 0.00 200.7 ± 0.5 0.38 ± 0.00 0.02 ± 0.00 Partially 
submerged 0.36 ± 0.00 

56.0 ± 0.6 1.79 ± 0.01 0.37 ± 0.00 300.2 ± 0.8 0.57 ± 0.01 0.09 ± 0.00 Inclined 0.50 ± 0.00 
56.5 ± 0.5 1.80 ± 0.00 0.37 ± 0.00 402.0 ± 1.9 0.76 ± 0.01 0.13 ± 0.00 Inclined 0.65 ± 0.00 
57.2 ± 0.4 1.80 ± 0.01 0.37 ± 0.00 453.3 ± 2.1 0.84 ± 0.00 0.16 ± 0.00 Vertical 0.71 ± 0.01 
56.8 ± 0.2 1.80 ± 0.01 0.37 ± 0.00 460.1 ± 1.5 0.86 ± 0.01 0.16 ± 0.00 Vertical 0.72 ± 0.00 
57.3 ± 0.3 1.80 ± 0.01 0.37 ± 0.00 501.1 ± 0.6 0.95 ± 0.02 0.17 ± 0.00 Vertical 0.79 ± 0.01 
56.7 ± 1.0 1.80 ± 0.00 0.37 ± 0.00 601.3 ± 0.9 1.12 ± 0.01 0.21 ± 0.00 Vertical 0.92 ± 0.01 
55.5 ± 0.4 1.80 ± 0.01 0.37 ± 0.00 645.2 ± 0.5 1.20 ± 0.01 0.22 ± 0.00 Vertical 0.98 ± 0.01 
56.6 ± 0.8 1.80 ± 0.01 0.37 ± 0.00 649.7 ± 1.2 1.21 ± 0.01 – Sink 0.99 ± 0.00 
55.8 ± 0.5 1.79 ± 0.01 0.37 ± 0.00 654.7 ± 0.5 1.22 ± 0.01 – Sink 1.00 ± 0.00 
56.6 ± 0.5 1.80 ± 0.00 0.37 ± 0.00 659.1 ± 0.5 1.22 ± 0.01 – Sink 1.00 ± 0.00 
57.0 ± 0.4 1.81 ± 0.00 0.37 ± 0.00 665.1 ± 0.7 1.24 ± 0.01 – Sink 1.01 ± 0.00 
All the values are shown as mean ± SD for n = 3. 
Testing condition: horizontally shaking at 100 rpm in 0.1N HCl buffer solution 900 mL 
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3.4.4 Gastric retention modeling study of floating devices 

To evaluate the ability of a novel floating capsule to remain buoyant in a 

simulated gastric environment for prolonged periods of time, an in vitro method for 

gastric retention modeling study has been developed by considering physiology of the 

stomach’s following aspects. 

In fasting or resting states, the volume of the gastric contents reflects the balance 

between the amount of fluid secreted by the stomach and gastric emptying.  In healthy 

subjects, the volume of the gastric contents at steady state is approximately 10 mL and it 

can be increased by the amount of food and fluid swallowed to 250 mL or more after a 

meal [53].  A buoyant dosage form is less dense than the stomach fluid and therefore 

remains in the fundus and away from the contraction zone.  However, the buoyant dosage 

form may possibly be evacuated from the stomach due to the low amount of gastric 

contents, which increases the opportunity of the dosage form to stay in the contraction 

zone (antrum or pylorus); which acts as pump for gastric emptying. 

According to radiographic anatomy, many physiological events in which the 

pylorus is implicated are elucidated as described by Keet (1998) [54].  In motor quiescent 

phase of IMMC, the sphincteric cylinder is relaxed or expanded and the pyloric aperture 

is opened varying from 5 to 13 mm, with a mean of 8.7 mm.  In fed state, at a stage when 

the pyloric sphincteric cylinder is relaxed or expanded, the pyloric aperture is opened 

approximately 5 to 10 mm in diameter.  When contraction of the cylinder begins, the 

diameter of the aperture may widen or narrow slightly depending upon the intensity of 

contraction of the left (on the greater curvature) and right pyloric loops (on the lesser 

curvature).  If the left loop adjacent to the stationary peristaltic wave contracts 

maximally, but the right loop incompletely contracts, the already opened pyloric aperture 

is opened slightly wider (i.e., from 10 mm to 12 mm in diameter), resulting in propulsion 
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of gastric contents into duodenum.  This propulsion into the duodenum can be enhanced 

if contraction of the entire pyloric sphincteric cylinder now proceeds.  On the other hand, 

if the right loop fully contracts, while the left loop incompletely contracts the pyloric 

aperture is closed, causing retropulsion of gastric contents.  Continuing contraction of the 

pyloric sphincteric cylinder decreases the diameter of the pyloric aperture, maximal 

contraction of the pyloric sphincteric cylinder with full formation of the pyloric canal 

(thin channel of 2-3 mm in diameter and 2-3 cm in length), closes the pyloric aperture.  

Consequently, there is a difference among gastric emptying times of liquids, digestible 

solids, and indigestible solids.  While the stomach contracts 3-4 times per minute leading 

to the movement of liquid and digestible solids in the stomach through the partially 

opened pylorus, indigestible solids larger than the pyloric opening are propelled back and 

retained for reduction to a smaller size due to solubilization and partial digestion in the 

stomach before emptying [54, 55].  Therefore, the designed gastroretentive dosage forms 

must be capable of resisting gastric emptying during the housekeeping wave (phase III of 

IMMC of the stomach) in the fasted state, and must also be resistant to continuous gastric 

emptying through the pyloric sphincter in the fed state. 

As indicated in Chapter 1, the posture of the subject also leads to difference in 

gastric retention as described by Chawla et al (2003) [12].  In the upright position, 

floating dosage forms are protected against emptying because they remain above the 

gastric contents, irrespective of their size.  In the supine position, floating dosage forms 

appear to remain buoyant anywhere of the stomach, but they may be evacuated from the 

stomach during moving distally by antral peristaltic waves, leading to shorter gastric 

retention time compared with upright position.  Therefore, size of floating dosage forms 

becomes a factor for prolonged gastric retention. 
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In the method we report, small, medium, and large volume levels (1/4, 1/2, and 

3/4 of specified volumetric flask size) of 0.1N HCl buffer solution inside four different 

volumetric flasks (size 50, 100, 500, and 1000 mL with an opening diameter of 9, 13, 19, 

and 22 mm, respectively) were used for gastric volume and pyloric sphincter modeling.  

For patient orientation modeling, each flask size with each assigned volume was 

subjected to the upright and supine position on the horizontal shaker.  Emptying of device 

through flask opening was also forced by horizontal shaking at 100 rpm. 

Retention of floating capsules in the upright position was seen to be better than in 

the supine position (Table 3.6). 

Capsule performance tended to favor the 50 mL and 100 mL flasks with smaller 

opening diameters; the position, volume, and the device density did not affect the 

capsule’s ability to avoid the small flasks’ openings.  The floating capsule bodies 

remained buoyant in their stable vertical positions, and even though they were disturbed 

by shaking force, they could return to their stable positions.  In the supine position, their 

lengths (denoted as  in Figure 3.2) in their stable vertical positions, were larger than 

opening size of 9-13 mm. they were then propelled back and retained in the flasks for a 

prolonged period (Figure 3.8).  This indicated that the investigated floating devices of 

0.73 and 0.98 g/mL in bulk densities could be capable of resisting the emptying from 

opening aperture range of 9-13 mm. 
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Flask size 
(mL) 

Opening 
diameter 
(mm) 

Volume of 
0.1N HCl 
(mL) 

Tested 
position 

Gastricretentive ability of 
floating capsule bodies 

0.73 g/mL 0.98 g/mL 

50 9 12.5 upright yes yes 

50 9 12.5 supine yes yes 

50 9 25.0 upright yes yes 

50 9 25.0 supine yes yes 

50 9 37.5 upright yes yes 

50 9 37.5 supine yes yes 

100 13 25.0 upright yes yes 

100 13 25.0 supine yes yes 

100 13 50.0 upright yes yes 

100 13 50.0 supine yes yes 

100 13 75.0 upright yes yes 

100 13 75.0 supine yes yes 

500 19 125.0 upright yes yes 

500 19 125.0 supine yes yes 

500 19 250.0 upright yes yes 

500 19 250.0 supine no no 

500 19 375.0 upright yes yes 

500 19 375.0 supine yes yes 

1000 22 250.0 upright yes yes 

1000 22 250.0 supine variable yes 

1000 22 500.0 upright yes yes 

1000 22 500.0 supine no no 

1000 22 750.0 upright yes yes 

1000 22 750.0 supine yes yes 

Table 3.6: Gastric retention modeling study of floating capsule bodies on horizontal 
shaker at 100 rpm for 3 hours (n = 3). 
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Figure 3.8: Behavior of floating capsule bodies in supine flask on horizontal shaker at 
100 rpm. 

On the other hand, capsules in the 500 mL and 1000 mL flasks that had wider 

opening diameters, showed the importance of position, volume, and possibly device 

density.  Capsules in the large flasks favored the upright position, and it was seen that 

volume and capsule weight had no effect.  However, in the supine position, capsules 

tended to perform better with small or large volumes.  In small volumes, capsules usually 

behaved very similar to the capsules in the upright position and tended to avoid the flask 

opening.  If the capsule did fail, heavier devices may help to aid retention as the result of 

a higher  distance with a greater restoring force for the floating device to correct itself 

to its’ stable position.  For example, the capsules with the density of 0.98 g/mL had the 

gastroretentive ability in the small volume of 250 mL filled in 1000 mL flasks that had 

wider opening diameters of 22 mm while one of capsules with the density of 0.73 g/mL 

did fail (Table 3.6).  In medium volume, capsules floated at the level of the flask opening.  

As a consequence of this spatial phenomenon, the capsule easily failed the test; therefore, 

device density was not observed to have any influence on emptying.  Finally, in large 

volumes, the media covered the flask opening; and so, the device always avoided the 

flask opening.  However, model pyloric aperture diameters of 19 mm and 22 mm from 
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large 500 mL and 1000 mL flasks, respectively are generally not observable in healthy 

subjects [54], and clinical data would need to be shown to support this observation. 

Overall the investigated floating capsule bodies containing internal masses of 460 

and 640 mg, corresponding to bulk densities of 0.73 and 0.98 g/mL, respectively may 

have gastricretentive abilities in a variety of patient scenarios.  Also, the proposed 

method can be used to screen the gastroretentive ability of floating dosage forms that 

would be candidates for future in vivo studies. 

In addition, all devices floated immediately (no observable delay was noted) after 

being dropped into the medium and floated in a good vertical orientation relative to the 

medium.  Furthermore, all assembled floating capsule bodies showed excellent structural 

integrity during the test.  These properties are necessary for gastroretentive delivery 

systems to prevent destruction and/or relocation of the device into the lower parts of the 

GI tract during peristaltic contraction [56, 57]. 

3.4.5 Manufacture of gastroretentive pulsatile drug delivery platforms 

In this work, EC capsule bodies manufactured with an average weight of 56 mg 

were selected to house the pulsatile dose because the resistance time from acid/water 

permeability was up to 24 hours, and the optimal loading capacity was determined in the 

previous section. 

The data from Table 3.5 was used to design the optimal loading capacity of 

floating capsule bodies for maintaining buoyant in a good vertical stability orientation.  

For this propose, a spacer tablet was chosen to adjust the mass inside the floating capsule 

body.  Therefore, the optimal tablet mass were divided into three parts including a lag-

time tablet, a drug tablet, and a spacer tablet in order to construct a floating-pulsatile 
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capsule and gastroretentive pulsatile drug delivery platform in consequence as outlined in 

Figure 3.3. 

In the present study all tablets were compressed with a 7 mm diameter non-

beveled flat faced punch to fit tightly inside the impermeable capsule shell.  Also, the 

outer surface of the lag-time tablet was pushed flush with the open end of the 

impermeable capsule body.  The tight fit between the lag-time tablet and the impermeable 

capsule shell plays an important role in preventing fluid penetration to the capsule 

content and drug release prior to complete erosion of the lag-time tablet [18, 40, 58]. 

It has also been reported that tablet location in a pulsatile capsule has an influence 

on drug release behavior and can be controlled by weight or thickness of the capsule 

content [18, 59, 60].  Thus, the weight and thickness of the tablets were monitored in the 

current work.  The physical properties of all types of tablets assembled in the 

gastroretententive pulsatile drug delivery platforms are summarized in Table 3.7. 

 

Type of tablet Weight (mg) Thickness 
(cm) 

Hardness 
(kp) 

Disintegration 
time (sec) 

Cumulative 
drug release 
at 15 min (%) 

Theophylline tablet 100.44 ± 0.27 0.19 ± 0.00 7.28 ± 0.26 28.83 ± 2.29 90.23 ± 2.77 

Spacer tablet 400.91 ± 0.48 0.75 ± 0.00 19.86 ± 0.31 42.43 ± 1.21 – 

Lag-time tablet 100.31 ± 0.18 0.19 ± 0.02 3.50 ± 0.21 – – 

All the values are shown as mean ± SD. 

Table 3.7: Physical characterizations of the tablets assembled in the gastroretentive 
pulsatile drug delivery platforms. 

Rapid disintegration and dissolution of investigated tablets were observed.  

Disintegration times for theophylline tablets and spacer tablets were below 45 seconds.  

Theophylline tablets also showed more than 85% drug release within 15 minutes, which 
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indicated that those tablets were able to accomplish immediate release when delivered 

from the gastroretentive pulsatile capsules. 

3.4.6 Dissolution of gastroretentive pulsatile drug delivery platforms 

One of the important aspects of the design is related to control of drug release by 

an eroding lag-time layer.  Erosion materials must be carefully selected to provide the 

most reproducible and predictable drug release time.  To select appropriate materials for 

the lag-time tablet described in these studies, PEO and HPMC were chosen as candidates.  

Both polymers have been widely used for controlled or sustained release systems [12, 18, 

61, 62].  In addition, these polymers generally dissolve uniformly irrespective of pH, so 

they would be suitable for use in the stomach which has a natural variation of pH in 

individuals throughout the day [63, 64].  Theophylline was selected as a model drug due 

to its mid-range solubility and easily detectable chromophore.  This is applicable with 

dissolution apparatus assembled in-line with a UV detector for automated analysis over 

long periods. 

Upon contact with the dissolution medium and following the rapid dissolution of 

the gelatin cap, all selected polymers in the present study were able to form a gel layer 

that rapidly sealed the mouth of capsule body. This gel seal acts as a barrier to water 

ingression, allowing lag-time control to be imparted.  After the pre-determined lag-time 

interval, governed by the dissolution/erosion of the lag-time tablet, the drug was released 

in a pulsatile pattern. 

The effects of polymer content on controlling lag-time period and the actions of 

drug release for each polymer were shown in the capsules fitted with a 100 mg lag-time 

tablet containing different contents of Polyox® WSR N-750 (F1, F2, and F3 respectively) 

(Figure 3.9), Polyox® WSR 205 (F4, F5, and F6 respectively) (Figure 3.10), Methocel® 
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E50 LV (F7, F8, and F9 respectively) (Figure 3.11), and Methocel® K100 LV (F10, F11, 

and F12 respectively) (Figure 3.12).  In general, increasing the polymer concentration 

showed an increase in lag-time period before pulse release of the drug.  Also the higher 

viscosity grade of polymer resulted in longer lag-times. 

T50% (± SD) for pulsatile drug from investigated formulations was also shown in 

Table 3.8.  After a lag-time interval, the pulse release of the drug was determined at 4.9 

hours (± 0.1), 6.6 hours (± 0.1), and 8.1 hours (± 0.1) from the capsules of F1, F2, and F3 

respectively which contained different contents of Polyox® WSR N-750.  From the 

capsules of F4, F5, and F6 which contained different contents of Polyox® WSR 205, the 

pulse release of the drug was determined at 7.0 hours (± 0.2), 8.9 hours (± 0.1), and 10.9 

hours (± 0.2) respectively.  The pulse release of the drug was determined at 4.5 hours (± 

0.2), 9.4 hours (± 0.1), and 15.3 hours (± 0.2) from the capsules of F7, F8, and F9, 

respectively which comprised different contents of Methocel® E50 LV.  From the 

capsules of F10, F11, and F12 which comprised different contents of Methocel® K100 

LV, the pulse release of the drug was determined at 6.5 hours (± 0.3), 12.5 hours (± 0.1), 

and 17.4 hours (± 0.3) respectively.  Increasing the polymer content and using higher 

viscosity grade of polymers in the lag-time tablet were found to extend the T50% drug 

release time as anticipated.  Since the different types, viscosity grades, and concentrations 

of polymers were used in the lag-time tablet among these investigated formulations, the 

lag-time intervals and T50% of the pulsatile dose were expected to be different. 
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Figure 3.9: Dissolution profiles from the capsules of F1, F2, and F3 which fitted with 
100 mg lag-time tablet containing 40 % w/w (×), 60% w/w (□), and 80% 
w/w (○) Polyox® WSR N-750 respectively; (n = 6, error bars represent the 
standard deviation). 

 

Figure 3.10: Dissolution profiles from the capsules of F4, F5, and F6 which fitted with 
100 mg lag-time tablet containing 40% w/w (×), 60% w/w (□), and 80% 
w/w (○) Polyox® WSR 205 respectively; (n = 6, error bars represent the 
standard deviation). 
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Figure 3.11: Dissolution profiles from the capsules of F7, F8, and F9 which fitted with 
100 mg lag-time tablet containing 20% w/w (◊), 40% w/w (×), and 60% w/w 
(□) Methocel® E50 LV respectively; (n = 6, error bars represent the standard 
deviation). 

 

Figure 3.12: Dissolution profiles from the capsules of F10, F11, and F12 which fitted 
with 100 mg lag-time tablet containing 20% w/w (◊), 40% w/w (×), and 
60% w/w (□) Methocel® K100 LV respectively; (n = 6, error bars represent 
the standard deviation). 
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Polymer type 

T50% (hour) 
Polymer concentration (% w/w) 

20 40 60 80 
Polyox® WSR N-750 − 4.9 ± 0.1 6.6 ± 0.1 8.1 ± 0.1 
Polyox® WSR 205 − 7.0 ± 0.2 8.9 ± 0.1 10.9 ± 0.2 
Methocel® E50 LV 4.5 ± 0.2 9.4 ± 0.1 15.3 ± 0.2 −
Methocel® K100 LV 6.5 ± 0.3 12.5 ± 0.1 17.4 ± 0.3 −
All the values are shown as mean ± SD for n = 6. 
Significant difference: p < 0.05. 

Table 3.8: Effect of polymer type and concentration in the lag-time tablet on the time 
of 50% drug release (T50%). 

However, heigher polymer content in the lag-time tablets was also shown to 

increase an incidence of premature drug release during lag-time interval prior to pulse 

release of drug.  This is shown to be a result of diffusion of soluble drug through the gel 

layer of the erodible tablet, than actual complete polymer erosion of said tablet.  The 

basic principle of hydrophilic polymer erosion involves water ingress followed by 

polymer dissolution [65].  In this study, the lag-time tablet surface wets and polymer 

starts to partially hydrate and form a gel layer after exposure to an aqueous medium.  

Water continues to penetrate through the tablet, and ultimately on into the capsule device 

through the gel layer.  At a certain point soluble drug can diffuse through this gel layer 

(which at this point is devoid of dry erodible tablet) and result in premature release of the 

drug before complete erosion has occurred (the desired termination of lag-time control). 

Additionally, when considering a single pulsed release from the floating device, 

only the outermost erosion layer is of importance.  Therefore, it is essential that the lag-

time layer comprising polymer which rapidly hydrates and forms gel to seal the mouth of 

capsule body, acts as a barrier to water ingression for imparting a suitable lag-time and 

preventing premature drug release.  This has been shown to be important in preventing 
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premature drug release from previous erosion controlled capsules [38].  Additionally, 

previous studies have shown that the hydrophilicity of lactose possibly enhances the 

surface wetting of the polymer in the lag-time tablet, promoting rapid dissolution [59, 

62]. 

Also, apparent retardation of drug was seen once drug release was initiated in the 

PEO containing formulations.  However, no retardation of drug was observed for the 

HPMC containing formulations.  Since PEO containing formulations present a higher 

constant gel layer thickness compared to the HPMC containing formulations at an 

equivalent time period [66], this takes more time for complete erosion of the lag-time 

tablet and also slows down dissolution process of the drug tablet.  Gel layer formation in 

HPMC containing formulations is slower than that of PEO due to a more rapid erosion 

process. 

3.4.7 Floating characteristics 

All gastroretentive pulsatile drug delivery platforms floated immediately (no 

observable delay was noted) after being dropped into the medium.  After gelatin cap was 

dissolved, the floating pulsatile capsule instantly floated in the good vertical orientation 

relative to the medium (providing a constant surface area for dissolution or erosion of the 

lag-time tablet and ultimately the best control of pulsatile release [18, 40] compared to 

the partially submerged or inclined oriented positions) until the drug tablet was released 

completely.  The bulk density of the floating pulsatile capsules was about 0.93 g/mL, 

lower than that of the gastric contents (~1.004 g/mL [31]).  Also, the  distances within 

the floating pulsatile capsules were determined as positive values, representing the good 

vertically stable orientation of the assembled floating pulsatile capsules (Table 3.9).  

Furthermore, all assembled floating pulsatile capsules also showed excellent structural 
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integrity during dissolution study.  These properties are necessary for gastroretentive 

delivery systems to prevent destruction and/or relocation of the device into the lower 

parts of the GI tract during peristaltic contraction [56, 57]. 

 
Parameters  

 †(mg) 657.25 ± 1.49 

 (mg) 56.20 ± 0.60 

 (cm) 1.79 ± 0.01 

 (cm) 0.37 ± 0.00 

 (mg) 600.90 ± 0.38 

 (cm) 1.13 ± 0.01 

 (cm) 0.20 ± 0.01 

Overall density (g/mL) 0.93 ± 0.02 

Floating behavior Vertical orientation 
† total mass of floating-pulsatilecapsule. 
All the values are shown as mean ± SD, n = 72.

Table 3.9: Buoyancy parameters of the floating pulsatile capsules for all formulations 
of gastroretentive pulsatile drug delivery platforms. 

In general, buoyancy of a device is dependent on its overall density which should 

below 1 g/mL (the approximate density of gastric fluid), until such a time as complete 

drug release has occurred.  In this study, the novel device maintained buoyancy 

efficiently due to their excellent structural integrity over the experimental period.  Only 

the tablets inside the floating pulsatile capsule were dissolved and/or eroded by the 

medium.  Although the medium occupied in the empty area of dissolved or eroded tablet 

mass instead, the overall density of floating pulsatile capsules was maintained below 1 

g/mL.  Since medium’s density is usually less than tablet’s density, the medium mass 

inside the floating pulsatile capsule was lower than the part of the dissolved or eroded 
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tablet mass.  Furthermore, air content in the floating pulsatile capsules was maintained 

throughout, and this was enough to keep buoyancy during dissolution study. 

3.5 CONCLUSION 

A new gastroretentive pulsatile drug delivery platform with excellent buoyancy 

and sufficient structural integrity, which are essential characteristics in preventing 

destruction and/or relocation of the system into the lower parts of the GI tract during 

peristaltic contraction, has been developed.  Investigation of acid/water permeability 

showed an adequate structural integrity of the impermeable capsule body, which is 

necessary to carry the drug in the stomach for a prolonged period of time.  The 

floatability of the platform could be well controlled by having the air compartment in the 

innermost portion of the impermeable capsule body and adding the optimal loading 

capacity in order to reduce the overall density of the device.  Additionally, a metacentric 

height (or  distance) of the floating pulsatile capsule was observed to be a good 

predictor of overall floating stability in a critical vertical orientation.  Importantly, 

manipulation of the amount or specific grade of water soluble polymer enables control of 

specific pulsatile lag-time.  This novel gastroretentive pulsatile drug delivery platform 

could easily be adapted for oral administration with a variety of drugs, and could be 

especially useful for targeted chronopharmaceutical therapy. 
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Chapter 4:  Optimization of the Gastroretentive Multi-Pulsatile 
Capsules 

Abstract: 

Many treatments require the oral drug administration of a multiple dose regimen 

to maintain prolonged therapeutic activity.  The objective of this present study was to 

optimize a previously reported novel gastroretentive pulsatile drug delivery platform by 

enabling it to function by delivering multiple doses of a drug over an extended period of 

time.  To maintain gastric buoyancy in a vertical orientation (a requirement for 

reproducible pulsatile release), optimal loading of the floating multi-pulsatile capsule 

(FMPC) was required by adjustment with the addition of an internal spacer tablet.  

Desired pre-programmed lag-time intervals, prior to pulsatile drug release, were 

controlled by manipulation of the composition and thickness of lag-time tablets within 

the reported capsule device.  It was found that higher polymer content in the lag-time 

tablet contributed to incidence of premature drug release prior to the desired pulsed 

release time.  To overcome this phenomenon thin spacer tablets were added between the 

drug tablet and the lag-time tablet.  The multiple dose regimens of a drug could therefore 

be provided as a single oral administration using these newly developed multiple dose 

platforms, optimized for specific therapies. 

4.1 INTRODUCTION 

There are many treatments that require the administration of a multiple dose 

regimens to maintain prolonged therapeutic activity and the oral route of administration 

continues to be the most popular, with the best patient compliance.  However, a 

formulation administered fewer times a day could greatly improve patient compliance [1-

5].  To improve patient compliance by attempting to reduce administration frequency in 
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multiple dose regimens, efforts have been focused on developing the oral sustained 

release dosage forms able to maintain a constant drug plasma concentration in a given 

therapeutic window for prolonged periods.  In fact, many drugs require repeated drug 

administration or multiple dose regimens during a day.  An extensive first-pass 

metabolism, a limited therapeutic window, and the emergence of receptor tolerance for 

specific drugs could be significant factors causing reduced bioavailability and/or efficacy 

in conventional sustained release systems [6, 7].  These factors emphasize the advantages 

of uniform and periodic dosing over conventional sustained release dosage forms.  Since 

there are time-dependent variations in the risk or symptoms of diseases as well as in the 

pharmacokinetics and pharmacodynamics of drugs [8-10], delivery of the drug when the 

drug is most needed and/or when the drug is most effective or tolerated would improve 

therapeutic outcomes, this is the concept of chronotherapeutics.  Consequently, oral 

pulsatile drug delivery systems have gained increasing interest as a means of delivering 

drug(s) in single or successive pulse(s) after a well-defined interval that is both effective 

and well tolerated [11-14].  Therefore, multi-pulsatile drug delivery systems offer a 

promising way to deliver drug(s) as sequential bolus doses in a once-daily administration.  

Based on this concept, a once-daily amoxicilline product, Moxatag which uses the 

PULSYSTM technology by MiddleBrook Pharmaceuticals, Inc. has been recently 

approved by FDA and launched into the market for the treatment of tonsillitis and/or 

pharyngitis [15, 16].  The product was formulated as a three-pulse tablet containing 

multiple pellets with different release profiles for improved efficacy against 

Streptococcus pyogenes [16]. 

In expanding the treatment portfolio of multi-pulsatile drug delivery systems, GI 

tract transit time and drug absorption site are extremely important considerations.  Transit 

time of conventional oral dosage forms through the stomach and small intestine has been 
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reported to be ranged from 4 to 6 hours [17].  If a desired pulsed release time is 8 hours 

or 12 hours upon initiating administration and a drug has the narrow absorption window 

in the upper GI tract, then the time of exposure time of a dosage form to the absorption 

site might not be sufficient for complete drug absorption, causing low bioavailability or 

treatment failure of the drug [18].  In addition, oral pulsatile drug delivery systems that 

release drug after lag-time interval of 6-7 hours usually release drug in the large intestine, 

but the viscous contents of the lower part of the GI tract have been shown to hinder drug 

dissolution and subsequent diffusion.  Additionally, enzymatic degradation of some drugs 

makes the colon an unfavorable site for drug release [14, 19, 20]. 

In the present study a novel multi-pulsatile drug capsule with extended gastric 

residence time was optimized from a previous novel gastroretentive pulsatile drug 

delivery platform which has a sufficient structural integrity and excellent buoyancy.  The 

novel multiple dose platforms were aimed to deliver the first dose of a drug immediately 

followed by subsequent pulsatile dose(s) after pre-programmed lag-time interval, whilst 

maintaining buoyancy in a gastric medium.  For controlling lag-time intervals the 

influences of formulation composition and physical characteristics were examined.  To 

provide the potential for broad ranging therapies that are conventionally administered a 

differing frequencies a two-pulse release system with lag-time interval of 12 hours, and 

three-pulse release with lag-time intervals of 8 hours were investigated.  Theophylline 

was selected as a model drug due to its mid-range solubility [21, 22] and easily detectable 

chromophore [23]. 

4.2 MATERIALS 

Capsugel provided hard gelatin capsules size 0 (Capsugel, Greenwood, SC).  Dow 

Chemical provided ethylcellulose (EC; Ethocel® Standard 100 Premium), hydroxypropyl 



 117

methylcellulose (HPMC; Methocel® E50 LV Premium and K100 LV Premium), and 

polyethylene oxide (PEO; Polyox® WSR N-750 and WSR 205) (Dow Chemical 

Company, Midland, MI).  JRS Pharma provided silicified microcrystalline cellulose 

(SMCC; Prosolv SMCC® 90) (JRS Pharma, Patterson, NY).  Mutchler Inc. provided 

lactose monohydrate (FlowLac® 100) (Mutchler Inc., Harrington Park, NJ).  Vertellus 

provided triethyl citrate (TEC) (Vertellus, Greensboro, NC).  Other materials were 

purchased from various suppliers: acetone (VWR International, Inc., Suwanee, GA), 

isopropanol (Thermo Fisher Scientific Inc., Fair Lawn, NJ), litmus indicator (powder) 

(Acros Organics, Geel, Belgium), theophylline anhydrous (powder, U.S.P), 

croscarmellose sodium, and magnesium stearate (MgSt) (Spectrum Chemicals, Gardena, 

CA). 

4.3 METHODS 

4.3.1 Manufacture of multiple dose platforms 

4.3.1.1 Preparation of impermeable capsule bodies 

The impermeable capsule bodies (size 0) were prepared using a laboratory scale 

dipping process.  Briefly, a coating solution containing Ethocel® Standard 100 Premium 

and TEC, with the ratio of 95:5, as 8% w/v solutions in a 50:50 v/v mixture of acetone 

and isopropanol was prepared.  The gelatin capsule bodies were separated from the cap 

part and dipped into the coating solution for 10 seconds per dipping cycle every 10 

minutes for a total of four dipping cycles.  The coated capsule bodies were then oven 

dried at 40 °C for 12 hours.  The resultant capsule bodies were then further processed by 

simply immersing in hot water to remove the gelatin layer, yielding the completely 

impermeable capsule bodies of EC with an average weight of 56 mg (± 1.8). 
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4.3.1.2 Capsule acid and water uptake resistance testing 

A previous study was conducted at various time points (Chapter 3) in order to 

evaluate the effectiveness of coating thickness on capsule integrity.  It was subsequently 

decided that a single time point following 24 hours exposure to the HCl buffer solution 

was suitable to determine the effectiveness of the impermeable capsule bodies.  The acid 

and water uptake resistance testing of the impermeable capsule bodies (n = 6) was 

performed by filling an impermeable capsule body with the litmus powder indicator and 

then suspending individual impermeable capsule body into the beakers filled with 0.1N 

HCl buffer solution (40 mL) at 37 °C.  Each beaker was then placed in the water bath to 

maintain the temperature at 37 ± 2 °C for 24 hours.  A simple color change of the litmus 

indicator (from blue to red) and migration of the litmus indicator into the shell wall of the 

impermeable capsule body were considered as the failure in acid and water uptake 

resistances, respectively. 

4.3.1.3 Preparation of theophylline tablets 

A theophylline tablet was composed of 5% w/w theophylline anhydrous, 71.5% 

w/w FlowLac®, 20% w/w Prosolv SMCC® 90, 3% w/w croscarmellose sodium, and 0.5% 

w/w MgSt. 

All powdered ingredients were passed through a 600 µm sieve prior to tumble 

mixing for 15 minutes in a V-shaped blender (Patterson-Kelley Co., East Stroudsburg, 

PA).  MgSt was added and tumbled mixed for 5 minutes.  The blended powder was 

manually fed in to a single-punch tablet press machine (Model F, F.J. Stokes Machine 

Company, Philadelphia, PA) equipped with a 7-mm diameter flat faced punch (Natoli 

Engineering Company, Inc., St.Charles, MO) and compressed to a 100 mg tablet with the 

precise height dimension of 0.18 cm. 
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4.3.1.4 Preparation of lag-time tablets 

As shown in Tables 4.1 and 4.2, the lag-time tablets comprising different levels of 

one of four polymers: Polyox® WSR N-750, Polyox® WSR 205, Methocel® E50 LV, or 

Methocel® K100 LV, 0.5% w/w MgSt, and FlowLac® 100 qs to 100% w/w were 

prepared using the same procedure as described for the theophylline tablet above. 

 

Formula 
Thick spacer tablet Lag-time tablet Thin spacer tablet 

Weight 
(mg) 

Thickness 
(cm) Weight (mg) Thickness 

(cm) 
Weight 
(mg) 

Thickness 
(cm) 

F1 430 mg† 0.77 WSR N-750 100%, 100 mg 0.23 −  

F2 430 mg† 0.77 WSR 205 100%, 100 mg 0.23 −  

F3 380 mg† 0.68 WSR 205 100%, 100 mg 0.23 50 mg† 0.10 

F4 330 mg† 0.60 WSR 205 100%, 100 mg 0.23 100 mg† 0.19 

F5 380 mg‡ 0.68 WSR 205 100%, 100 mg 0.23 50 mg‡ 0.10 

F6 430 mg† 0.81 E50 LV 20%, 100 mg 0.19 −  

F7 430 mg† 0.81 E50 LV 40%, 100 mg 0.20 −  

F8 430 mg† 0.81 E50 LV 50%, 100 mg 0.21 −  

F9 380 mg† 0.70 E50 LV 45%, 100 mg 0.21 50 mg† 0.10 

F10 435 mg† 0.83 K100 LV 20%, 95 mg 0.18 −  

F11 420 mg† 0.80 K100 LV 20%, 110 mg 0.21 −  

F12 390 mg† 0.75 K100 LV 20%, 140 mg 0.26 −  

F13 380 mg† 0.72 K100 LV 40%, 100 mg 0.20 50 mg† 0.10 
† Tablet was composed of 76.5% w/w lactose monohydrate, 20% w/w Prosolv SMCC® 90, 3% w/w 
croscarmellose sodium, and 0.5% w/w MgSt. 
‡ Tablet was composed of 79.5% w/w lactose monohydrate, 20% w/w Prosolv SMCC® 90, and 0.5% 
w/w MgSt. 
All FMPC devices including the second dose theophylline tablet have a total tablet mass ~630 mg and a 
total tablet thickness ~1.20 cm. 

Table 4.1: Formulations of two-pulse platforms. 
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Formula 
Thick spacer tablet Lag-time tablet Thin spacer tablet 

Weight 
(mg) 

Thickness 
(cm) Weight (mg) Thickness 

(cm) 
Weight 
(mg) 

Thickness 
(cm) 

F14 230 mg 0.46 
1st : WSR N-750 20%, 100 mg 
2nd : WSR N-750 20%, 100 mg 

0.19 
− − 

0.19 

F15 230 mg 0.42 
1st : WSR N-750 50%, 100 mg 
2nd : WSR N-750 50%, 100 mg 

0.21 
− − 

0.21 

F16 130 mg 0.20 
1st : WSR N-750 80%, 100 mg 
2nd : WSR N-750 30%, 100 mg 

0.23 
50 mg 0.10 

0.21 

F17 205 mg 0.35 
1st : WSR 205 100%, 75 mg 
2nd : WSR 205 50%, 50 mg 

0.18 
50 mg 0.10 

0.11 

F18 180 mg 0.34 
1st : K100 LV 25%, 100 mg 
2nd : K100 LV 15%, 50 mg 

0.20 
50 mg 0.10 

0.10 
Spacer tablets were composed of 76.5% w/w lactose monohydrate, 20% w/w Prosolv SMCC® 90, 3% 
w/w croscarmellose sodium, and 0.5% w/w MgSt. 
All FMPC devices including the second and third dose theophylline tablets have a total tablet mass ~630 
mg and a total tablet thickness ~1.20 cm. 

Table 4.2: Formulations of three-pulse platforms. 

4.3.1.5 Preparation of spacer tablets 

The spacer tablets comprising 20% w/w Prosolv SMCC® 90, 0.5% w/w MgSt 

with or without 3% w/w croscarmellose sodium, and FlowLac® 100 qs to 100% w/w 

were prepared using the same procedure as described for the theophylline tablet and 

pressed at different amount as shown in Table 4.1 and 4.2. 

4.3.1.6 Fabrication of multiple dose platforms 

4.3.1.6.1 Assembly of two-pulse platform without thin spacer tablet 

A two-pulse platform without thin spacer tablet was fabricated by filling a thick 

spacer tablet into an impermeable capsule body followed by the second pulse 

theophylline tablet and a lag-time tablet.  The position of the lag-time tablet was flush 

with the mouth of the impermeable capsule body and the air was sealed in the innermost 
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portion of the impermeable capsule body.  Finally, the first pulse theophylline tablet was 

placed onto the lag-time tablet and covered with a gelatin cap (Figure 4.1). 

 

 

Figure 4.1: Configuration of two-pulse platform without thin spacer tablet: (a) lag-time 
tablet; (b) second pulse theophylline tablet; (c) thick spacer tablet; (d) air; 
(e) impermeable capsule body; (f) first pulse theophylline tablet; (g) gelatin 
cap. 

4.3.1.6.2 Assembly of two-pulse platform with thin spacer tablet 

A two-pulse platform with thin spacer tablet was constructed by inserting a thick 

spacer tablet into an impermeable capsule body followed by the second pulse 

theophylline tablet, a thin spacer tablet, and a lag-time tablet.  The position of the lag-

time tablet was flush with the mouth of the impermeable capsule body and the air was 

sealed in the innermost portion of the impermeable capsule body.  The first pulse 

theophylline tablet was then placed onto the lag-time tablet and covered with a gelatin 

cap (Figure 4.2). 
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Figure 4.2: Configuration of two-pulse platform with thin spacer tablet: (a) lag-time 
tablet; (b) thin spacer tablet; (c) second pulse theophylline tablet; (d) thick 
spacer tablet; (e) air; (f) impermeable capsule body; (g) first pulse 
theophylline tablet; (h) gelatin cap. 

4.3.1.6.3 Assembly of three-pulse platform without thin spacer tablet 

A three-pulse platform without thin spacer tablet was proceeded by filling a thick 

spacer tablet into an impermeable capsule body followed by adding the third pulse 

theophylline tablet, the second lag-time tablet, the second pulse theophylline tablet and 

the first lag-time tablet, which inserted into the mouth of the impermeable capsule body 

and positioned flush with the end of the impermeable capsule body.  Therefore, the air 

was sealed in the inner most of the impermeable capsule body.  The first pulse 

theophylline tablet was placed onto the first lag-time tablet and covered with a gelatin cap 

(Figure 4.3). 

 

 

Figure 4.3: Configuration of three-pulse platform without thin spacer tablets: (a) first 
lag-time tablet; (b) second pulse theophylline tablet; (c) second lag-time 
tablet; (d) third pulse theophylline tablet; (e) thick spacer tablet; (f) air; (g) 
impermeable capsule body; (h) first pulse theophylline tablet; (i) gelatin cap. 
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4.3.1.6.4 Assembly of three-pulse platform with thin spacer tablet 

A three-pulse platform with thin spacer tablet was assembled by inserting a thick 

spacer tablet into an impermeable capsule body followed by the third pulse theophylline 

tablet, the second thin spacer tablet, the second lag-time tablet, the second pulse 

theophylline tablet, the first thin spacer tablet, and the first lag-time tablet.  The position 

of the first lag-time tablet was flush with the mouth of the impermeable capsule body and 

the air was sealed in the innermost portion of the impermeable capsule body.  Finally, the 

first pulse theophylline tablet was placed onto the first lag-time tablet and covered with a 

gelatin cap (Figure 4.4). 

 

 

Figure 4.4: Configuration of three-pulse platform with thin spacer tablets: (a) first lag-
time tablet; (b) first thin spacer tablet; (c) second pulse theophylline tablet; 
(d) second lag-time tablet; (e) second thin spacer tablet (f) third pulse 
theophylline tablet; (g) thick spacer tablet; (h) air; (i) impermeable capsule 
body; (j) first pulse theophylline tablet; (k) gelatin cap. 

4.3.2 Dissolution study 

Six devices of each formulation were used in the dissolution study.  The release 

profiles for the theophylline containing capsules were determined using a USP type II 

apparatus (Hanson SR-PlusTM Dissolution Test Station, Hanson Research Corporation, 

Chatsworth, CA) at a paddle speed of 50 rpm in 500 mL of a 0.1N HCl buffer solution 

(pH 1.2) at 37 ± 0.5 °C.  The theophylline concentration from the dissolution test was 

automatically measured at 270 nm by UV/VIS spectrophotometer (Agilent, Santa Clara, 
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CA) every 10 minutes.  The dissolution data obtained were plotted as percent cumulative 

drug released versus time.  The time of 50% drug release of each pulse (T50%) was also 

calculated by extrapolation on the time axis of each individual release curve. 

4.3.2.1 Influence of polymer viscosity 

F1 was compared against to F2 in order to investigate the influence of different 

polymer viscosity in the lag-time tablet (Table 4.1).  This was evaluated based on the 

observation of drug release, lag-time interval, and T50% of each pulse. 

4.3.2.2 Influence of polymer content 

F6, F7 and F8 were prepared to compare the effect of different polymer content in 

the lag-time tablet on drug release, lag-time interval, and T50% of each pulse (Table 4.1).  

In addition, F14 and F15 which have the same content of polymer in the first and the 

second lag-time tablets of three-pulse platforms were also used to investigate the 

influence of polymer content on drug release and lag-time interval between each pulse of 

drug (Table 4.2). 

4.3.2.3 Influence of lag-time tablet weight 

In order to examine the influence of lag-time tablet weight F10, F11, and F12 

were prepared (Table 4.1).  The evaluation was based on drug release, lag-time interval 

and T50% of each pulse. 

4.3.2.4 Influence of spacer tablet 

To investigate effect of spacer tablet on inhibiting premature release of drug 

during lag-time interval, F3 and F4 were prepared (Table 4.1).  F3 was also compared 

against F4 in order to investigate the effect of spacer tablet weight on inhibiting 

premature release of drug during lag-time interval, and T50% of each pulse. 
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4.3.2.5 Influence of spacer tablet composition 

F3 was also compared against F5 in order to evaluate the effect of the 

composition (with and without disintegrant) of spacer tablet (Table 4.1).  This was 

evaluated based on drug release, lag-time interval, and T50% of each pulse. 

4.3.2.6 Two-pulse release with a lag-time interval of 12 hours 

To demonstrate two-pulse release of drug with a lag-time interval about 12 hours 

between each pulse of drug, F3, F9 and F13 were prepared (Table 4.1).  Drug release, 

lag-time interval, and T50% of each pulse were also compared among these three 

formulations. 

4.3.2.7 Three-pulse release with a lag-time interval of 8 hours 

F16, F17 and F 18 were prepared in order to demonstrate three-pulse release of 

drug with a lag-time interval about 8 hours between each pulse of drug (Table 4.2).  

Among these three formulations drug release, lag-time interval, and T50% of each pulse 

were also compared. 

4.3.3 Buoyancy study 

Floating characteristics of the multiple dose platforms were evaluated during 

dissolution study.  The time between the introduction of whole capsule and its buoyancy 

on the medium until capsule body floated in a vertical orientation were observed.  The 

time during which the device remained buoyant (floating duration) was also examined.  

The vertical buoyancy was also assessed by using a visual ranking scheme.  The ranking 

scheme was classified as: partially submerged, inclined, or vertically oriented.  The 

theoretical metacentric height, or  distance, was also calculated using Eq. (3.4) from 

the previous chapter and compared to the visual stability evaluation.  For stability, the  

distance indicated in the Eq. (3.4) must be positive and the stability (restoring force) 



 126

increases with increasing  distance [24].  In addition, the structural integrity of the 

devices during the study was visually monitored. 

4.3.4 Statistical data analysis 

Average and standard deviations for T50% were determined to compare the 

pulsatile release of all formulations.  In the study to determine the influence of the spacer 

tablet on drug release of the two-pulse containing platform, the f1 difference factor and 

the f2 similarity factor were calculated from the means of % release at each time point to 

compare the entire dissolution profile of investigated formulations [25].  In addition, the 

statistical differences among those investigated formulations were determined using a 

one-way ANOVA.  A p value of less than 0.05 was considered statistically significant. 

4.4 RESULTS AND DISCUSSION 

During the development of the novel multiple dose platforms based on the 

floating pulsatile drug delivery system, several preliminary studies including optimization 

of the impermeable capsule body, evaluation of the optimal loading capacity, as well as 

stabilized buoyancy test of the FMPC were necessary to investigate before constructing 

the multiple dose platforms for further studies. 

4.4.1 Manufacture of multiple dose platforms 

4.4.1.1 Preparation of impermeable capsule bodies 

The impermeable capsule bodies with the average weight of 56 mg were prepared 

and showed excellent acid and water uptake resistance for 24 hours as shown in Table 

4.3.  This property not only protects the drug from the premature release and/or gastric 

environment during the retentive period in the stomach, but also restricts the fluid access 

to the single exposed erodible tablet face, allowing tight control of lag-time interval and 
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subsequent drug release.  In addition, a balance of rigidity and flexibility of the 

impermeable capsule wall was suitable to place the tablet components inside and it was 

also fit very well with the gelatin cap during assembly. 

 

Capsule body 
Weight 
(mg ± SD) 

Resistant time of 
acid/water uptake 

Gelatin capsule body 56.8 ± 0.7 − 

Coated capsule body 111.3 ± 1.9 − 
Impermeable capsule body 56.2 ± 1.8 24 hours 

Table 4.3: Physical properties of capsule bodies (n = 6). 

4.4.1.2 Fabrication of multiple dose platforms 

Each capsule device needs to preserve its structural integrity and maintain an 

overall density below the density of gastric contents (reported as ~1.004 g/mL [26]) for a 

prolonged gastric retention time until complete drug release may occur.  Preliminary 

studies in Chapter 3 indicated that the optimal loading capacity for the impermeable 

capsule bodies with the average weight of 56 mg was ranged between 450-645 mg, 

corresponding to the density between 0.71-0.98 g/mL.  In the present study a thick spacer 

tablet was therefore chosen to adjust the total tablet mass ( ) inside the capsule body to 

approximately 630 mg, corresponding to the density of ~0.96 g/mL (Table 4.4).  This 

mass had to be distributed amongst the component parts inside the body part of the 

FMPC including the lag-time tablet, drug tablet, and thick spacer tablets with/without the 

thin spacer tablet as outlined in Figure 4.1-Figure 4.4.  The first pulse drug tablet was 

contained in a soluble gelatin cap to provide immediate release after dissolution of the 

gelatin cap. 
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The optimal tablet mass inside the impermeable capsule body allows the FMPC to 

have a bulk density below the density of gastric medium and also allow it to float in the 

vertical orientation in order to provide a constant surface area for dissolution/erosion of 

the lag-time tablet and ultimately the best control of pulsatile release.  In the present 

study all tablets were pressed with diameter of a 7 mm to fit tightly inside the 

impermeable capsule shell, so the tablet components would not move and could hold 

their positions in the capsule body during handling and testing.  Also, the outer surface of 

the lag-time tablet was fitted flush with the open end of the impermeable capsule body.  

The tight fit between the lag-time tablet and the impermeable capsule shell plays an 

important role to prevent fluid penetration into the capsule content and drug release prior 

to complete erosion of the lag-time tablet [12, 27, 28]. 

4.4.2 Dissolution study 

Dissolution studies for all formulations of two-pulse and three-pulse platforms 

were performed to provide the important data pertaining to drug release in order to 

optimize the layering composition for achieving the desired lag-time intervals.  In the 

present study, we investigated the four different viscosity polymers of PEO (Polyox® 

WSR N-750 (MW 0.3 × 106) and WSR 205 (MW 0.6 × 106)) and HPMC (Methocel® E50 

LV and K100 LV) as an erodible material in the lag-time tablet.  With pH-independent 

properties, these polymers appear to be suitable for our platforms, as there is a reported 

variation of pH in the stomach during the day for humans [29]. 

After dissolution of the gelatin cap followed by immediate release of the first dose 

of the drug (T50% ~ 6 minutes), each type of polymers used in the present study was able 

to form gel rapidly to seal the opening mouth of the impermeable capsule body and act as 

the erodible barrier for controlling lag-time interval.  After a lag-time interval, governed 
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by the dissolution/erosion of the outer polymer containing tablet, the delayed dose(s) of 

the drug was release in a pulsatile pattern. 

4.4.2.1 Influence of polymer viscosity 

The influences of viscosity grades on controlling lag-time interval have been 

clearly shown in the studies of the two-pulse platforms fitted with a 100 mg lag-time 

tablet containing 100% polymer of Polyox® WSR N-750 (F1) and WSR 205 (F2) (Figure 

4.5).  The higher viscosity grade polymer containing in F2 resulted in the longer lag-time 

interval compared with the lower viscosity grade polymer containing in F1. 

4.4.2.2 Influence of polymer content 

The polymer content could also regulate the lag-time interval as obviously 

demonstrated in the studies of the two-pulse platforms fitted with a lag-time tablet 

containing different contents of Methocel® E50 LV (Figure 4.6).  The more polymer 

content we used, the longer lag-time intervals we obtained, in accordance with earlier 

studies [11, 30-32]. 

As indicated in Section 4.3.2.2 we anticipated that the same content of polymer 

would not provide the same lag-time interval between each pulse of drug due to 

increasing distance of the second lag-time tablet from the terminal exit of the FMPC, 

thereby exposing the erodible tablets to varying hydrodynamic conditions.  Confirmation 

of distance playing a role due to the positioning of the erodible layers was demonstrated 

for the three-pulse platforms comprising the 20% Polyox® WSR N-750 for the first and 

the second lag-time tablets (F14), as well with the three-pulse platforms containing the 

50% Polyox® WSR N-750 for both of lag-time tablets (F15) (Figure 4.7).  In order to 

preserve the lag-time interval between each pulse of the drug, a decrease in the polymer 

content and/or the lag-time tablet weight of the second lag-time tablet was considered. 
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4.4.2.3 Influence of lag-time tablet weight 

Also, the lag-time tablet weight demonstrated a significant effect on the drug 

release as presented in the investigation of the two-pulse platforms fitted with three 

different weights/amounts of lag-time tablets (95, 110, 140 mg) prepared from the 20% 

Methocel® K100 LV mixture (F10, F11, and F12 respectively) (Figure 4.8).  Increasing 

the lag-time tablet weight also increased the thickness; therefore, the lag-time interval 

was extended before reaching the subsequent pulse of the drug. 

Therefore, the lag-time interval could be well controlled by the composition and 

amount of the lag-time tablet.  Extending lag-time interval can be achieved using a higher 

viscosity grade of the polymer, increasing polymer content in the lag-time tablet, or 

increasing lag-time tablet weight. 

Since aqueous media penetrated into the drug tablet of the subsequent dose prior 

to complete dissolution/erosion of the outer lag-time tablet, drug was able to be released 

through the polymeric gel layer by diffusional mechanisms.  This premature release was 

able to occur over the course of the desired lag-time period.  The data also revealed this 

effect when using higher content of polymer in the lag-time tablet as seen in Figure 4.6 

(A).  In the two-pulse devices fitted with the 100 mg lag-time tablet comprising 

Methocel® E50 LV at different concentrations, the premature release rate was highest 

with the 50% w/w Methocel® E50 LV, less prevalent with the 40% w/w Methocel® E50 

LV, lower still with the 20% w/w Methocel® E50 LV.  Increasing weights of the lag-time 

tablet containing 20% w/w Methocel® K100 LV from 95 mg to 110 mg and 140 mg also 

showed an increase in premature release as shown in Figure 4.8 (A). 
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Figure 4.5: Influence of polymer viscosity in the lag-time tablet on (A) drug release and 
(B) T50% from two-pulse platforms fitted with the 100 mg lag-time tablet 
containing (×) 100% w/w Polyox® WSR N-750 and (○) 100% w/w Polyox® 
WSR 205; n = 6, error bars represent the standard deviation. 
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Figure 4.6: Influence of polymer content in the lag-time tablet on (A) drug release and 
(B) T50% from two-pulse platforms fitted with the 100 mg lag-time tablet 
containing (×) 20% w/w, (□) 40% w/w, and (○) 50% w/w Methocel® E50 
LV; n = 6, error bars represent the standard deviation. 
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Figure 4.7: Influence of polymer content on (A) drug release and (B) T50% from three-
pulse platforms comprising the 100 mg lag-time tablets containing (○) 20% 
and (□) 50% w/w Polyox® WSR N-750; n = 6, error bars represent the 
standard deviation. 
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Figure 4.8: Influence of lag-time tablet weight on (A) drug release and (B) T50% from 
two-pulse platforms fitted with the (×) 95, (□) 110, and (○) 140 mg lag-time 
tablet containing 20% w/w Methocel® K100 LV; n = 6, error bars represent 
the standard deviation. 
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through the polymeric gel layer.  We overcame this issue by the introduction of a spacer 

tablet placed strategically between the lag-time tablet and the drug tablet. 

4.4.2.4 Influence of spacer tablet 

The spacer tablet showed an excellent inhibition effect on premature release of 

drug during lag-time period (Figure 4.9).  A spacer tablet weighing as little as 50 mg (F3) 

was seen to inhibit premature release without any deleterious effect on the lag-time 

interval and T50% of the second drug tablet.  However, higher weights of the spacer tablet 

(F4) could extend the lag-time interval and T50% of the second drug tablet as well, and so 

an upper threshold of approximately 50 mg was deemed to be the maximum tablet weight 

(further study is required). 

4.4.2.5 Influence of spacer tablet composition 

We also investigated the influence of spacer tablet composition on drug release 

and found that there was no significant difference between the spacer tablet containing a 

superdisintegrant (croscarmellose sodium) and the spacer tablet without a 

superdisintegrant (F3 vs. F5) (Figure 4.10).  Although the results demonstrated similarity 

of release pattern, lag-time interval and pulse time of the drug  (f1 = 2.89, f2 = 81.51, T50% 

= 12.59 hours), the occurrence of drug retardation after lag-time interval was observed 

because there was no disintegrant present in the thick spacer tablet to promoting the quick 

release of the drug out of the capsule body.  Therefore, disintegrant is required in the 

spacer tablet for completely immediate release of the pulsatile dose. 
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Figure 4.9: Influence of thin spacer tablet between drug tablet and lag-time tablet inside 
the impermeable capsule body on (A) drug release and (B) T50% from two-
pulse platforms fitted with the 100 mg lag-time tablet containing 100% w/w 
Polyox® WSR 205: (□) 50 mg and (◊) 100 mg spacer tablet with 3% w/w 
croscarmellose sodium; n = 6, error bars represent the standard deviation. 
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Figure 4.10: Influence of spacer tablet composition on (A) drug release and (B) T50% 
from two-pulse platforms fitted with the 100 mg lag-time tablet containing 
100% w/w Polyox® WSR 205: 50 mg spacer tablet (□) with 3% w/w 
croscarmellose sodium and (×) without croscarmellose sodium; n = 6, error 
bars represent the standard deviation. 
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4.4.2.6 Two-pulse release with a lag-time interval of 12 hours 

In the present study, two-pulse release of drug with the lag-time interval about 12 

hours between each pulse of drug could be successfully obtained from the two-pulse 

devices of F3 fitted with a 100 mg lag-time tablet containing 100% w/w Polyox® WSR 

205 and comprising a 50 mg spacer tablet with 3% w/w croscamellose sodium placed 

between the lag-time tablet and the second pulse theophylline tablet (Figure 4.9 (A)).  

The two-pulse devices of F9 fitted with a 100 mg lag-time tablet containing 45% w/w 

Methocel® E50 LV and comprising a 50 mg spacer tablet with 3% w/w croscamellose 

sodium placed between the lag-time tablet and the second pulse theophylline tablet also 

showed the two-pulse release of drug with the lag-time interval about 12 hours between 

each pulse of drug (Figure 4.11 (A)). In addition, the two-pulse release of drug with the 

lag-time interval about 12 hours between each pulse of drug was also shown from the 

two-pulse devices of F13 fitted with a 100 mg lag-time tablet containing 40% w/w 

Methocel® K100 LV and comprising a 50 mg spacer tablet with 3% w/w croscamellose 

sodium placed between the lag-time tablet and the second pulse theophylline tablet 

(Figure 4.11 (B)). Moreover, the ability of the thin spacer tablet to inhibit drug release 

during lag-time periods was also shown in the dissolution studies of these two-pulse 

platforms. 

T50% (± SD) for each pulse of drug release from investigated formulations was 

also shown in Figure 4.9 (B) and Figure 4.11 (C).  The immediately release of the first 

dose of the drug was observed at 5.91 minutes (± 0.05), 6.32 minutes (± 0.58), and 5.87 

minutes (± 0.33) from the two-pulse devices of F3, F9, and F13 respectively.  The second 

pulse of the drug after a lag-time interval was determined at 12.59 hours (± 0.22), 11.52 

hours (± 0.11), and 12.87 hours (± 0.30) from the two-pulse devices of F3, F9, and F13 

respectively.  Since Since the different types, viscosity grades, and concentrations of 
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polymers were varied among these investigated formulations, the lag-time intervals and 

T50% of the pulsatile dose were expected to be different.  However, approximately the 

same lag-time interval could be achieved by manipulation of the amount and specific 

grade of PEO or HPMC.  This gives us more options to design the multiple-pulse 

platforms. 
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Figure 4.11: Two-pulse release with a lag-time interval of 12 hours from two-pulse 
platforms: (A) fitted with a 100 mg lag-time tablet containing 45% w/w 
Methocel® E50 LV and comprising a 50 mg spacer tablet with 3% w/w 
croscarmellose sodium; (B) fitted with a 100 mg lag-time tablet containing 
40% w/w Methocel® K100 LV and comprising a 50 mg spacer tablet with 
3% w/w croscarmellose sodium; (C) T50% from these two-pulse platforms; n 
= 6, error bars represent the standard deviation. 

4.4.2.7 Three-pulse release with a lag-time interval of 8 hours 

A lag-time period of 8 hours could be controlled by decreasing polymer content 

of the second lag-time tablet compared with the first lag-time tablet from the three-pulse 

devices of F16 comprising a 100 mg lag-time tablet containing 80% w/w Polyox® WSR 

N-750 as the first lag-time tablet and a 100 mg lag-time tablet containing 30% w/w 

Polyox® WSR N-750 as the second lag-time tablet (Figure 4.12 (A)).  Also, the lag-time 

interval of 8 hours could be achieved by decreasing both of the polymer content and 

amount of the second lag-time tablet compared with the first lag-time tablet from the 

three-pulse devices of F17 comprising a 75 mg lag-time tablet containing 100% w/w 

Polyox® WSR 205 as the first lag-time tablet and a 50 mg lag-time tablet containing 50% 

w/w Polyox® WSR 205 as the second lag-time tablet (Figure 4.12 (B)).  Moreover, the 

three-pulse devices of F18 comprising a 100 mg lag-time tablet containing 25% w/w 
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Methocel® K100 LV as the first lag-time tablet and a 50 mg lag-time tablet containing 

15% w/w Methocel® K100 LV as the second lag-time tablet also showed the two-pulse 

release of drug with a the lag-time interval about 8 hours between each pulse of drug 

(Figure 4.12 (C)).  Additionally, the ability of the thin spacer tablet to inhibit drug release 

during lag-time periods was shown in the dissolution studies of these three-pulse 

platforms. 

T50% (± SD) for each pulse of drug release from investigated formulations was 

also shown in Figure 4.12 (D).  The immediate release of the first dose of the drug was 

determined at 5.73 minutes (± 0.30), 5.60 minutes (± 0.20), and 6.18 minutes (± 0.64) 

from the three-pulse devices of F16, F17, and F18 respectively.  The second pulse of the 

drug after the first lag-time interval was observed at 8.00 hours (± 0.25), 8.51 hours (± 

0.28), and 8.80 hours (± 0.12) from the three-pulse devices of F16, F17, and F18 

respectively.  The third pulse of drug after the second lag-time interval was shown at 

17.85 hours (± 0.42), 16.26 hours (± 0.57), and 17.04 hours (± 0.34) from the three-pulse 

devices of F16, F17, and F18 respectively. Among these three formulations, there were 

differences in the types of polymers, viscosity grades and concentrations used in the lag-

time tablets as well as differences in the weights of the lag-time tablets, but the desired 

lag-time intervals could be obtained by manipulation of the amount and specific grade of 

PEO and HPMC and the amount of the lag-time tablet. 

Unfortunately, apparent retardation of the third dose was seen in the PEO 

containing formulations, but no retardation of drug release was observed for the HPMC 

containing formulations.  Since the higher and constant gel layer thickness was formed in 

the PEO containing formulations compared with HPMC containing formulations, this 

compromised erosion process of the lag-time tablet and also slowed down dissolution 

process of drug in the third dose tablet [33].  In this study, gel layer formation in HPMC 
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containing formulations was also observed to be slower than that of PEO due to a more 

rapid erosion process. 
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Figure 4.12: Three-pulse release with a lag-time interval of 8 hours from three-pulse 
platforms comprising the thin spacer tablets with 3% w/w croscarmellose 
sodium: (A) 1st lag-time tablet: 100 mg of 80% w/w Polyox® WSR N-750 
and 2nd lag-time tablet: 100 mg of 30% w/w Polyox® WSR N-750; (B) 1st 
lag-time tablet: 75 mg of 100% w/w Polyox® WSR 205 and 2nd lag-time 
tablet: 50 mg of 50% w/w Polyox® WSR 205; (C) 1st lag-time tablet: 100 
mg of 25% w/w Methocel® K100 LV and 2nd lag-time tablet: 50 mg of 15% 
w/w Methocel® K100 LV; (D) T50% from these three-pulse platforms; n = 6, 
error bars represent the standard deviation. 
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4.4.3 Buoyancy study 

In the present study all formulations floated immediately (no observable delay 

was noted) following presentation to the dissolution medium.  After the hard gelatin cap 

had dissolved and rapid dissolution of the first pulse of drug occurred, the FMPC 

instantly floated in the good vertical orientation relative to the medium.  Buoyancy was 

universally maintained until complete drug release had occurred.  Since the bulk density 

of the FMPCs was calculated to be 0.96 g/mL (Table 4.4), lower than that of reported 

gastric contents, all investigated FMPCs were able to float in the medium.  Also, the  

distances within the FMPCs were determined as positive values which are representative 

of good vertically stable buoyant positioning (Table 4.4).  Furthermore, all FMPCs also 

showed excellent structural integrity for the duration of each dissolution study.  These 

properties are necessary for gastroretentive delivery systems to prevent the sweep of the 

device into the lower parts of the GI tract during the intense peristaltic contraction phase 

of the stomach [29, 34]. 

 
Parameters  

 (mg)† 686.5 ± 1.75 
 (mg) 56.3 ± 1.84 

 (cm) 1.79 ± 0.01 
 (cm) 0.37 ± 0.00 

 (mg) 631.1 ± 0.65 
 (cm) 1.20 ± 0.00 

 (cm) 0.19 ± 0.01 
Bulk density (g/mL) 0.96 ± 0.01 
Floating behavior Vertical orientation 
† : total mass of FMPC, : mass of impermeable capsule body, : length of impermeable capsule 
body, : radius of impermeable capsule body, : mass of tablet, : height/thickness of tablet. 
All the values are shown as mean ± SD. 

Table 4.4: Buoyancy parameters of the floating multi-pulsatile capsules (FMPCs) for 
all investigated formulations. 



 145

4.5 CONCLUSION 

The novel multiple dose platforms relate more particularly to the pulsatile release 

profile which deliver the first dose of a drug immediately followed by pulsatile delivery 

of subsequent dose(s) while the devices are proposed to remain buoyant in the stomach.  

Furthermore, these results have demonstrated the ability of the FMPC to perform as a 

time-programmed therapeutic scheme that is able to release the right amount of drug at 

the right time.  Multiple dose regimens of various drugs could potentially be provided as 

a single oral administration using the FMPC.  In addition, the FMPCs described in this 

study were manufactured using orally acceptable excipients and conventional 

manufacturing equipment, demonstrating the expanded use of existing technologies. 
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Chapter 5:  In Vitro Performance Testing of the Gastroretentive Multi-
Pulsatile Capsule 

Abstract: 

A two-pulse release capsule for orally repeated drug administration has been 

developed using a novel floating capsule which has been designed to deliver a drug as a 

pulsatile fashion while being retained in the stomach.  The first dose of drug was 

immediately released after dissolving of a soluble capsule cap, while the other subsequent 

dose containing in an impermeable capsule body was released after a pre-programmed 

lag-time governed by dissolution/erosion of lag-time tablet.  Enabling gastric floatation 

was succeeded by means of sealing a controlled amount of air in the innermost part of the 

impermeable capsule body, thus reducing the overall density of the two-pulse release 

capsule.  In order to assure robustness and reproducibility of the two-pulse release 

capsule, various in vitro dissolution studies in different medium (varying pH and alcohol 

content) and different hydrodynamic conditions (varying speed rotation) were performed.  

Physical stability tests have been also conducted under accelerated storage condition at 

40 °C/75% RH for 6 months and under ambient storage condition at 50 °C/50% RH for 

12 months.  The robustness and reproducibility of the two-pulse release capsule were 

evaluated through drug release characteristics, buoyancy behavior as well as structural 

integrity and dose dumping events. 

5.1 INTRODUCTION 

To accomplish treatment for several diseases, repeated dosing of a drug is usually 

required.  In many past decades, development of oral drug delivery systems has been 

focused on constant or sustained release with aiming to reduce dosing frequency of 

immediate release formulations and improve patient compliance along with optimizing 
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drug efficacy or reducing adverse effects.  According to recent chronopharmacological 

knowledge, a time-programmed therapeutic scheme in which appropriate dose of the 

required drug is delivered at the site of action at the right time is gaining increasing 

interest.  Consequently, many efforts have been focused on development of oral pulsatile 

drug delivery. 

Pulsatile drug delivery allows rapid release of a certain amount of drug within 

short time period after precise and well controlled time periods of drug-free release, lag-

time [1, 2].  It offers a promising way for chronopharmacotherapy if the time of 

administration and pulse time are adjusted to the circadian pattern.  Besides 

chronopharmacotherapy, oral pulsatile delivery systems designed to yield repeated 

release profiles could also accomplish multiple-daily dosing regimens for drugs that fail 

to be candidate for sustained/extended release formulations, for example drugs that 

undergo an extensive first-pass metabolism (e.g., beta-blockers, calcium channel 

blockers, anti-epileptic drug (phenytoin) [3, 4]) and develop receptor tolerance (e.g., 

nitrates and beta-blockers [5, 6].) due to decreasing drug efficacy and bioavailability 

causing a failure of treatment. 

In the present study, a two-pulse release capsule possessing floatability for single 

oral administration has been designed to deliver two drug doses at different time points 

during retaining in the stomach.  In the two-pulse release capsule, two drug tablets were 

contained in two different environments. The first drug tablet contained in a soluble 

gelatin cap was rapidly released after gelatin cap was dissolved providing an initial dose 

of drug following administration.  While the second drug tablet housed inside an 

impermeable capsule body was released after a pre-programmed lag-time governed by 

dissolution/erosion of lag-time tablet. 
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The objective of this study was to investigate robustness and reproducibility of the 

two-pulse release capsule in various in vitro dissolution conditions (different pH medium 

and rotation speeds).  In dose dumping aspect, study of alcohol effect on the drug release 

was also investigated and discussed.  Due to possibility of moving position of tablet 

contents inside the capsule body which might has an effect on drug release profile, 

dissolution study after friability test was also demonstrated.  Furthermore, stability tests 

under accelerated and ambient storage conditions were conducted to examine the 

physical stability in terms of drug release characteristics, floating behavior, structural 

integrity and dose dumping events. 

5.2 MATERIALS 

Dow Chemical provided hydroxypropyl methylcellulose (HPMC; Methocel® 

K100 LV Premium) (Dow Chemical Company, Midland, MI).  JRS Pharma provided 

silicified microcrystalline cellulose (SMCC; Prosolv SMCC® 90) (JRS Pharma, 

Patterson, NY).  Mutchler Inc. provided lactose monohydrate (FlowLac® 100) (Mutchler 

Inc., Harrington Park, NJ).  Other materials were purchased from various suppliers: 

alcohol 200 proof (Decon Laboratories, Inc., King of Prussia, PA), theophylline 

anhydrous (powder, U.S.P), croscarmellose sodium, and magnesium stearate (MgSt) 

(Spectrum Chemicals, Gardena, CA). 

5.3 METHODS 

5.3.1 Manufacture of two-pulse release capsule 

5.3.1.1 Preparation of theophylline tablets 

A theophylline tablet was prepared using of 5% w/w theophylline anhydrous, 

71.5% w/w FlowLac® 100, 20% w/w Prosolv SMCC® 90, 3% w/w croscarmellose 

sodium, and 0.5% w/w MgSt. 
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All powdered ingredients were passed through a 600 µm sieve prior to tumble 

mixing for 15 minutes in a V-shaped blender (Patterson-Kelley Co., East Stroudsburg, 

PA).  MgSt was added and tumbled mixed for 5 minutes.  The blended powder was 

manually fed in to a single-punch tablet press machine (Model F, F.J. Stokes Machine 

Company, Philadelphia, PA) equipped with a 7-mm diameter flat faced punch (Natoli 

Engineering Company, Inc., St.Charles, MO) and compressed into a 100 mg tablet with 

the precise height dimension of 0.19 cm. 

5.3.1.2 Preparation of lag-time tablets 

A 100 mg lag-time tablet containing 40% w/w HPMC, 59.5% w/w FlowLac® 

100, and 0.5 w/w % MgSt was prepared using the same procedure as described for the 

theophylline tablet preparation and pressed with the precise height dimension of 0.19 cm. 

5.3.1.3 Preparation of spacer tablets 

A 380 mg (thick) spacer tablet comprising 76.5% w/w lactose monohydrate, 20% 

w/w Prosolv SMCC® 90, 3% w/w croscarmellose sodium, and 0.5% w/w MgSt was 

prepared using the same procedure as described for the theophylline tablet preparation 

and compressed with the precise height dimension of 0.73 cm. 

A 50 mg (thin) spacer tablet comprising 76.5% w/w lactose monohydrate, 20% 

w/w Prosolv SMCC® 90, 3% w/w croscarmellose sodium, and 0.5% w/w MgSt was 

prepared using the same procedure as described for the theophylline tablet preparation 

and compressed with the precise height dimension of 0.10 cm. 

5.3.1.4 Physical testing of tablets 

Theophylline tablets (n = 6) were subjected to a disintegration test which was 

conducted in 900 mL of 0.1N HCl buffer solution at 37 ± 2 °C using Vander kamp, 

disintegration tester (Model 71A-174A-3, Van-Kel Industries, Inc., Chatham, NJ).  In 



 154

addition, disintegration study for spacer tablets (n = 6) was also conducted using the same 

condition as above. 

A dissolution test of theophylline tablets (n = 6) was also performed.  A USP type 

II apparatus (Hanson SR-PlusTM Dissolution Test Station, Hanson Research Corp., 

Chatsworth, CA) with a paddle speed of 50 rpm and 500 mL of 0.1N HCl buffer solution 

(pH 1.2) at 37 ± 0.5 °C was used.  The study was carried out for 60 minutes.  

Theophylline concentrations from the dissolution test were automatically measured in-

line at 270 nm using a UV/VIS spectrophotometer (Agilent, Santa Clara, CA) every 10 

minutes.  The dissolution data obtained were plotted as percent cumulative drug released 

versus time. 

For all tablet types in this study, hardness (n = 6) was evaluated using Heberlein 

hardness tester (Herberlein and Co., AG, Wattwil, Switzerland) and thickness (n = 6) was 

determined using an electronic micrometer (No. 723, The L.S. Starrett Company, Athol, 

MA). 

5.3.1.5 Assembly of two-pulse release capsule 

A two-pulse release capsule was assembled by inserting a thick spacer tablet into 

the impermeable capsule body which was prepared as described in Chapter 4, Section 

4.3.1 followed by the second pulse theophylline tablet, a thin spacer tablet, and a lag-time 

tablet, respectively (Figure 5.1).  The position of the lag-time tablet was flush with the 

mouth of the impermeable capsule body.  An effectively air-tight seal was created in the 

innermost portion of the impermeable capsule body.  Finally, the first pulse theophylline 

tablet was placed onto the lag-time tablet and covered with a soluble gelatin cap. 
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Figure 5.1: Configuration of two-pulse platform. 

5.3.2 Dissolution study 

Six devices were used in the dissolution study.  The release rates of theophylline 

were determined using a USP type II apparatus Hanson SR-PlusTM Dissolution Test 

Station (Hanson Research Corporation, Chatsworth, CA) at 37 ± 0.5 °C in 500 mL of 

dissolution medium.  The theophylline concentrations from the dissolution test were 

automatically measured in-line at 270 nm by UV/VIS spectrophotometer (Agilent, Santa 

Clara, CA).  The dissolution data obtained were plotted as percent cumulative drug 

released versus time.  The time of 50% drug release of pulse release (T50%) was also 

calculated by extrapolation on the time axis of each individual release curve.  Average 

and standard deviations for T50% were determined to compare the pulsatile release from 

all studies. 

5.3.2.1 Influence of dissolution medium 

To examine the influence of dissolution medium on drug release and lag-time 

interval, a 0.1N HCl buffer solution pH 1.2 and phosphate buffer solution pH 7.4 were 

used as the dissolution medium.  The dissolution tests were performed at a paddle speed 

of 50 rpm. 
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5.3.2.2 Influence of hydrodynamic conditions 

In order to investigate the influence of hydrodynamic conditions on drug release 

and lag-time interval, the dissolution tests were performed at 25, 50, and 75 rpm using the 

0.1N HCl buffer solution pH 1.2 as the dissolution medium. 

5.3.2.3 The effect of alcohol (ethanol) on the dissolution of two-pulse capsules 

A preliminary study of the effect of alcohol on the impermeable capsule body was 

performed by immersing the impermeable capsule body in 100 mL of a 0.1N HCl buffer 

solution containing 10, 20, 30, or 40% v/v alcohol. The structural integrity of the 

impermeable capsule was visually observed at different time points (0, 0.5, 1.0, 1.5, 2.0, 

2.30, 3, 6, 18 and 24 hours).  Each concentration was performed in triplicate (n = 3) in 

order to ensure reproducibility. 

The solubility of theophylline in 0.1N HCl buffer solution with different 

concentrations of alcohol (0, 10, 20, and 30% v/v) was determined by using a UV 

spectrophotometer at 270 nm.  To determine solubility, a saturated solution was prepared 

by adding an excess amount of theophylline to 10 mL of media.  This solution was then 

placed on a shaking water bath at 37 °C for 24 hours.  Samples of supernatant were 

withdrawn, filtered, and diluted until an absorbance value similar to that of the standard 

was obtained.  A mean value and standard deviations for the triplicate (n = 3) samples 

were calculated. 

In addition, the medium of 0.1N HCl buffer solution containing 0, 10, 20, and 

30% v/v alcohol was used in the dissolution study to evaluate the alcohol effect on drug 

release and platform integrity as well.  The dissolution study was performed at a paddle 

speed of 50 rpm in 500 mL of the medium at 37 ± 0.5 °C (n = 6). 
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5.3.2.4 Dissolution after friability 

The friability of ten devices due to device weighing more than 650 mg each was 

performed by using a friability apparatus (Vanderkamp Model 10801, Van-Kel 

Industries, Inc., Chatham, NJ).  After being rotated 100 times, the devices were removed 

and then the dissolution study was performed to investigate the robustness of the device 

and the effect on the dissolution release profile of the model drug theophylline.  The 

dissolution study was carrried out at a paddle speed of 50 rpm in 500 mL of a 0.1N HCl 

buffer solution (pH 1.2) at 37 ± 0.5 °C (n = 6).  Dissolution data were compared for two-

pulse release capsules that either had or had not undergone the friability stress test, and 

lag-time and T50% drug release were determined for those capsules.  For further 

comparison a dissolution difference factor (f1) and similarity factor (f2) [7] were 

calculated from the means of % release at each time point to compare the entire 

dissolution profile of the investigated formulations. 

5.3.3 Physical stability studies 

Physical stability studies were conducted according to International Conference 

on Harmonization (ICH) guidelines [8].  The two-pulse release capsules were enclosed in 

polyethylene bottles and loaded in a desiccator containing a saturated solution of sodium 

chloride for controlling at 75% RH.  They were kept in the oven at 40 °C for 6 months 

[9].  Also, the two-pulse release capsules were monitored up to 12 months under ambient 

storage condition at 25 °C/50% RH.  At specified time intervals, samples were removed 

and characterized by dissolution study.  Lag-time and T50% were also determined.  

Additionally, f1 and f2 were calculated to compare the entire dissolution profile of the 

investigated two-pulse release capsules. 
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5.3.4 Buoyancy studies 

Floating characteristics of the two-pulse release capsules were evaluated during 

the dissolution study.  The floating lag-times and floating durations of the capsules were 

examined by visual observation.  After the dissolution of the gelatin cap, the floating 

orientation of the capsule on the medium was assessed using a visual ranking scheme.  

The ranking scheme was classified as: partially submerged, inclined, or vertically 

oriented.  The theoretical metacentric height, or  distance, was also calculated using 

Eq. (3.4), described in the Chapter 3 and compared to the visual stability evaluation.  For 

stability, the  distance indicated in the Eq. (3.4) must be positive, and the stability 

(restoring force) increases with increasing  distance [10]. 

A standard disintegration tester (Van-Kel Industries, Inc., Chatham, NJ) was also 

used to study the effect of hydrodynamic conditions on the overall buoyancy of the 

device.  The two-pulse release capsules (n = 6) were immersed above and below the 

surface of a 0.1N HCl buffer solution at 37 ± 2 °C.  The floating characteristics including 

floating lag-time, floating duration and vertical buoyancy were visually examined at 

various time points (0, 0.5, 1, 2, 4, 6, 8, and 12 hours). 

In addition, structural integrity of all devices was visually monitored during above 

buoyancy studies. 

5.3.5 Statistical data analysis 

All results of lag-times and T50% drug release are expressed as mean ± SD.  

Differences of lag-times and T50% drug release of each test compared with the test of the 

two-pulse release capsules in 0.1N HCl buffer solution at 50 rpm were performed by 

Student’s t-test using JMP 7 software (SAS Institute Inc., Cary, NC).  Differences were 

considered significant at p < 0.05.  In addition, a f1 (dissolution difference factor) = 0-15  
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and f2 (similarity factor) = 50-100 were considered as a similarity of drug release pattern 

[7]. 

5.4 RESULTS AND DISCUSSION 

5.4.1 Manufacture of two-pulse release capsule 

In general, the floating device should be less dense than the stomach contents in 

order to remain in the fundus region of the stomach, where mixing of the stomach 

contents occurs to a lesser extent [11].  With the express aim of maintaining buoyancy, 

the floating capsule body of the two-pulse platform was specially designed to be loaded 

with the optimal internal mass.  This optimal internal mass was synergistic with sealing a 

controlled amount of air in the innermost part of the capsule body.  The optimal tablet 

masses, ranging from 460–640 mg, correspond to device bulk densities of 0.73-0.98 

g/mL.  The assembled capsule device can be divided into several parts: an ethylcellulose 

(EC) capsule body with an optimal weight of 56 mg, a lag-time tablet, a thin spacer 

tablet, a drug tablet of the second dose and a thick spacer tablet as outlined in Figure 5.1.  

The first pulsed dose drug tablet is contained in a soluble gelatin cap to provide 

immediate release after dissolving of the soluble cap.  The addition optimal tablet mass 

inside the impermeable capsule body provides overall density of the floating multi-

pulsatile capsule lower than the density of gastric contents reported as ~1.004 g/mL [12].  

Controlling loading capacity and the position of air pocket inside the capsule body also 

allow the floating multi-pulsatile capsule to float in the vertical orientation, providing a 

constant surface area for dissolution/erosion of the lag-time tablet; this also offers better 

control of pulsatile release because the water ingression is restricted at the open end of 

the floating multi-pulsatile capsule only [13-15]. 
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Additionally, in the present study all tablets were compressed with a 7 mm 

diameter non-beveled flat faced punch, which fit tightly inside the impermeable capsule 

shell so that the tablet components would be held fast and could hold their position in the 

capsule body during handling and testing.  The outer surface of the lag-time tablet was 

also flush with the open end of the capsule body.  The tight fit between lag-time tablet 

and capsule body shell plays an important role in averting fluid access into the capsules 

content.  Such a premature access of water to the internal components of the assembled 

capsule would result in early drug release before complete dissolution/erosion of lag-time 

tablet [14]. 

It has also been reported that tablet location in a pulsatile capsule has an influence 

on drug release behavior and can be controlled by weight or thickness of the capsule 

content [13, 16, 17].  Thus, the weight and thickness of the tablets were monitored in the 

current work.  The physical properties of all types of tablets are summarized in Table 5.1. 

 

Type of tablet Weight (mg) Thickness 
(cm) 

Hardness 
(kp) 

Disintegration 
time (sec) 

Cumulative 
drug release 
at 15 min (%) 

Theophylline tablet 100.44 ± 0.27 0.19 ± 0.00 7.28 ± 0.26 28.83 ± 2.29 90.23 ± 2.77 

Thick spacer tablet 380.21 ± 0.53 0.73 ± 0.00 19.72 ± 0.23 40.67 ± 1.15 – 

Thin spacer tablet 50.22 ± 0.17 0.10 ± 0.00 2.62 ± 0.28 6.67 ± 0.52 – 

Lag-time tablet 100.31 ± 0.18 0.19 ± 0.02 3.50 ± 0.21 – – 
All the values are shown as mean ± SD.

Table 5.1: Physical characterization of the tablets assembled in the two-pulse 
platforms. 

  



 161

Rapid disintegration and dissolution of investigated tablets were observed.  

Disintegration times for theophylline tablets and spacer tablets were below 45 seconds.  

Theophylline tablets also showed more than 85% drug release within 15 minutes, which 

indicated that those tablets were able to accomplish immediate release when delivered 

from the gastroretentive pulsatile capsules. 

Importantly, the novel gastroretentive pulsatile capsules were manufactured from 

orally acceptable excipients using conventional technological procedures and equipment.  

Also, each part of this novel gastroretentive pulsatile capsule can be prefabricated 

individually, prior to a final assembly step.  Such a process of individualized 

prefabrication of the individual components could lend itself nicely to fine tuning of the 

device for various disease states as well as being applicable to scale up processes for 

commercialization. 

5.4.2 Dissolution study 

After the gelatin cap was dissolved in medium followed by rapid release of the 

first dose of drug (T50% ~0.1 hour), HPMC contained in the lag-time tablet formed a gel 

that was rapidly able to seal the opening end body and prevent penetration of medium for 

controlling lag-time.  As we described if during dissolution/erosion of the lag-time tablet, 

medium penetrated through the gel layer and reached the next tablet, this would lead to 

premature release of drug during lag-time period.  This effect of premature release has 

been well documented and observed in previous pulsatile capsules [13, 18].  During these 

studies a thin spacer tablet was incorporated between the lag-time tablet and the drug 

tablet, this demonstrated an excellent solution on premature release problem (Figure 5.2).  

After lag-time, the second dose of drug was released in a pulsatile fashion within a short 
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time (<1 hour) in most of dissolution conditions excluding the presence of alcohol at a 

certain concentration, this is discussed in more detail in Section 5.4.2.3. 

5.4.2.1 Influence of dissolution medium 

Since the stomach has a intra- and inter-subject variation of pH during the day 

[19] and the effect of the dissolution media could potentially to exert an influence on 

erosion of the lag-time tablet during dissolution studies, it was important to investigate 

the lag-time of two-pulse release capsules in different media.  In 0.1N HCl buffer 

solution pH 1.2 and phosphate buffer solution pH 7.4, the drug release profiles are shown 

in Figure 5.2.  There were significant differences on lag-times and T50% of the second 

pulse (Table 5.2), even though HPMC is a nonionic polymer which is expected to exhibit 

pH-independent solubility [20]  This phenomenon was also seen in the floating pulsatile 

release tablet coated with HPMC (Methocel E15®), but this variability did not affect 

pulsatile release time in human study [21].  Since time after meal to return to acidic pH 

ranges from 1-2 hours in healthy subjects [19], the prolonged exposure of the dosage 

form to the basic pH is limited and might not be sufficient to having an effect on 

dissolution/erosion of the erodible materials and pulsatile release of the drug. 
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Figure 5.2: Influence of dissolution medium on drug release at rotation rate 50 rpm 
from two-pulse release capsules (mean ± SD, n = 6). 

 

In vitro condition testing 
Lag-time 

(hour) 
T50% (hour) 

1st dose 2nd dose 

0.1N HCl (pH 1.2) at 50 rpm 12.5 ± 0.3 0.1 ± 0.0 12.9 ± 0.3 

0.1N HCl (pH 1.2) at 25 rpm 13.7 ± 0.4* 0.1 ± 0.0 14.0 ± 0.3* 

0.1N HCl (pH 1.2) at 75 rpm 11.9 ± 0.2* 0.1 ± 0.0 12.1 ± 0.2* 

Phosphate buffer (pH 7.4) at 50 rpm 11.5 ± 0.3* 0.1 ± 0.0 11.7 ± 0.2* 

10% v/v alcohol in 0.1N HCl at 50 rpm 14.8 ± 0.4* 0.1 ± 0.0 14.9 ± 0.4* 

20% v/v alcohol in 0.1N HCl at 50 rpm 16.6 ± 0.5* 0.1 ± 0.0 16.8 ± 0.4* 

30% v/v alcohol in 0.1N HCl at 50 rpm 18.3 ± 0.6* 0.1 ± 0.0 19.7 ± 0.6* 

After friability test, 0.1N HCl (pH 1.2) at 50 rpm 12.4 ± 0.5 0.1 ± 0.0 12.8 ± 0.5 
* Significant different compared with the test of the two-pulse release capsules in 0.1N HCl buffer pH 1.2 
at rotation rate 50 rpm, p < 0.05. 

Table 5.2: Influence of in vitro conditions on T50% of two-pulse release capsules (mean 
± SD, n = 6). 
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5.4.2.1 Influence of hydrodynamic conditions 

Not only was the dissolution test method used to collect drug release data, but the 

apparatus itself was able to be utilized to change the exposure conditions that the 

gastroretentive pulsatile device will be exposed to.  The different hydrodynamic 

conditions can be affected by varying the rotational speed of the paddles on the 

dissolution apparatus.  The dissolution experiments were conducted at 25, 50 and 75 rpm 

to evaluate the performance of the device.  It was anticipated that this change in paddle 

speed will have a profound effect on the orientation of the device in the dissolution vessel 

and this may affect the overall performance of the device.  The results are shown in 

Figure 5.3, of the influence of rotation speed on the lag-time of the pulsatile release in 

0.1N HCl.  The longer lag-time and T50% of the second pulse were observed at 25 rpm 

followed by 50 rpm, and 75 rpm respectively (Table 5.2).  This is because fast agitation 

weakens the structure of hydrogel and increases dissolution rate of the lag-time tablet 

[22].  It has been reported that the differences were less apparent with the HPMC 

polymers that have a higher molecular weight (e.g. K4M, K15M and K100M) due to 

lower erosion process compared with the HPMC with the lower molecular weight (K100 

LV) [23]. 

The different agitation can indicate potential fed and fasted effects on drug release 

from the capsules.  However, further investigation need to be determined whether such 

effects would have an influence on in vivo performance.  Decreasing or increasing the 

apparatus rotation speed may also be justified if the dissolution profiles better reflect in 

vivo performance for a quality control during product development and in pharmaceutical 

production.  For our further study, 50 rpm was chosen as it is most commonly used to 

represent the moderate condition in the paddle apparatus (USP type II). 
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Figure 5.3: Influence of hydrodynamic conditions on drug release in 0.1N HCl buffer 
solution from two-pulse release capsules (mean ± SD, n = 6). 

5.4.2.3 The effect of alcohol (ethanol) on the dissolution of two-pulse capsules 

Co-consumption of modified released formulations and alcohol has become a 

concern by regulatory authorities due to the risk of alcohol-induced dose dumping.  In 

2005 the FDA issued an alert for healthcare professionals regarding an alcohol-

PalladoneTM (hydromorphone HCl extended-release capsules) interaction [24].  When 

ingested with alcohol (240 mL of 4, 20, or 40% ethanol) the peak plasma concentration 

of hydromorphone increased to potentially lethal levels due to the breakdown of the 

dosage form.  This product was withdrawn from the market by its manufacturer.  

Consequently, the FDA has issued advice to minimize the risk of alcohol-induced dose 

dumping for oral modified release products [25].  Since, in vivo pharmacokinetic studies 

are not routinely feasible due to a potential safety risk for subjects, the FDA 

recommended to develop a suitable in vitro test to assess a potential of alcohol induced 

dose dumping at an early stage in the formulation development process [25].  After the 
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Theophylline is sparingly soluble in alcohol and only slightly soluble in water, but 

solubility increases with increasing pH [30, 31].  The solubility of theophylline increased 

from 9.68 g/L in 0.1N HCl buffer solution to 10.95 g/L in 10% v/v alcohol, to 15.02 g/L 

in 20% v/v alcohol, and to 19.00 g/L in 30% v/v alcohol (Table 5.3). 

 
Medium Theophylline solubility (g/L) 

0.1N HCl buffer solution 9.68 ± 0.40 

10% v/v alcohol in 0.1N HCl buffer solution 10.95 ± 2.36 

20% v/v alcohol in 0.1N HCl buffer solution 15.02 ± 2.23 

30% v/v alcohol in 0.1N HCl buffer solution 19.00 ± 2.06 

Table 5.3: Influence of alcohol content on the solubility of theophylline (mean ± SD, n 
= 6). 

The influence of alcohol on drug release was demonstrated during the dissolution 

study (Figure 5.5).  The lag-times extended from 12.5 hours in absence of alcohol to 14.8, 

16.6, and 18.3 hours in 10, 20, and 30% v/v alcohol solutions, respectively (Table 5.2).  

Similarly, T50% of second dose of drug increased from 12.9 hours in absence of alcohol to 

14.9, 16.8, and 19.7 hours in 10, 20, and 30% v/v alcohol solutions, respectively.  Lag-

times and T50% of second dose of drug were significantly prolonged as alcohol content 

was increased in 0.1N HCl buffer solution; this indicated that dissolution/erosion rate of 

the lag-time tablet was slowed down with increasing alcohol content in the medium.  

Moreover, increasing alcohol content in 0.1N HCl buffer solution also increased 

incidence of drug retardation after lag-time periods.  During the drug dissolution study, 

theophylline concentration was controlled as the sink conditions (i.e., saturation solubility 

is at least three times more than the drug concentration in the dissolution medium as 

outlined in USP 34) in which drug solubility in each medium was not be limited [32].  



 168

Therefore, different drug release profiles of the second dose of drug after lag-times from 

these two-pulse release capsules when exposed to 0, 10, 20, and 30% v/v alcohol 

solutions can be explained by changes in dissolution/erosion of the lag-time tablet in the 

various media. 

 

 

Figure 5.5: Influence of alcohol on drug release of two-pulse release capsules at rotation 
rate 50 rpm (mean ± SD, n = 6). 

It was found that the higher alcohol content in the dissolution media led to an 

increase in the viscosity of HPMC due to the reduced volume of water in the hydro-

alcoholic solution and dielectric constant of the overall mixture, resulting in the reduction 

of the energy barrier in forming new bonds between the polymer molecules and the 

solvating media [33, 34].  Formation of this enhanced structure, therefore, contributes to 

the slowing down of dissolution/erosion of the lag-time tablet, leading to the longer lag-

time and also the decrease of drug release rate.  Robert and coworker have also explained 
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the protective effect of alcohol on the hydration of HPMC as the interactions (hydrogen 

bonding and van der Waals forces) of the polymer solvated by alcohol are greater than 

the interactions of water and the polymer [26]. 

The structural integrity of the capsules was also monitored during the dissolution 

study and no loss of structural integrity was found.  Also, none of the devices 

demonstrated the incidence of dose dumping when exposed to alcohol solutions (up to 

30% v/v ethanol). 

Gastric emptying of alcohol ingested has been reported either in fasting state or 

fed state.  In a fasting state the whole quantity of ethanol ingested (0.15 g/kg body 

weight) could be emptied in less than 30 minutes, but its emptying was slower, being 

nearly complete after 2 hours in fed state [35].  After moderate drinking of ethanol (0.8 

g/kg body weight), high ethanol levels were found in the stomach for up to 1 hour due to 

rapid absorption in the upper GI tract.  High ethanol levels are probably maintained in the 

upper intestine during frequent drinking [36].   Two hours after the ingestion of ethanol 

(1 g/kg body weight) with a meal, gastric alcohol concentration has been reported at less 

than 20%, being mainly absorbed (70%) by the stomach. After 5 hours, the alcohol has 

been shown to be completely eliminated from the stomach [37].  In co-consumption of 

alcohol (1.43 g/kg body weight) with a large meal, the unbound alcohol was rapidly 

absorbed as if the stomach was emptied within the first 10 minutes after ingestion, while 

the bound alcohol to food particles was absorbed within a several hour process [38].  

Therefore, it is unlikely for any dosage forms to have a prolonged exposure, i.e., 12 hours 

to the alcoholic solution in the stomach. 
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5.4.2.4 Dissolution after friability 

Since all tablets in these novel capsules were stacked together inside the device 

without any adhesive agent, shock force could conceivably cause those tablets to move 

their relative position inside the device and have an effect on the drug dissolution profile.  

Also, it has been reported that tablet location in a pulsatile capsule had an impact on drug 

release behavior [13, 16, 17].  Therefore, the friability test was used to evaluate the 

ability of the tablets inside the device to withstand such moving, as well as test abrasion 

effects during friability test.  The results from two-pulse release capsules that either had 

or had not undergone the friability stress test (Figure 5.6) showed similar pattern of drug 

release with f1 = 1.38 and f2 = 83.55. 

 

 

Figure 5.6: Influence of friability test on drug release in 0.1N HCl buffer solution at 
rotation rate 50 rpm from two-pulse release capsules (mean ± SD, n = 6). 

In addition, there were no significant differences observed in drug release profiles 
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T50% indicates the robustness of the capsules to withstand moving, as well as test abrasion 

effects which may happen during handling and shipping. 

5.4.3 Physical stability studies 

Statistical analysis of the results, before and after conducting the stability studies 

under ambient storage condition at 25 °C/50% RH for 12 months and under accelerated 

storage condition at 40 °C/75% RH for 6 months, was carried out using paired Student’s 

t-test.  The results (Table 5.4) showed similarity of drug release profiles (f1 = 0-15, f2 = 

50-100) and there were no significant differences (p > 0.05) observed in drug release 

profiles, lag-times and pulsed times of two doses of drug (T50%).  In addition, all devices 

showed their excellent buoyancy and sufficient structural integrities without incidence of 

dose dumping. 

 

Storage conditions 
f1 f2 Lag-time 

(hour) 
T50% (hour) 

  1st dose 2nd dose 

Initial − − 12.5 ± 0.3 0.1 ± 0.0 12.9 ± 0.3 

25 °C/50% RH, 12 months 1.06 80.66 12.6 ± 0.5 0.1 ± 0.0 12.7 ± 0.5 

40 °C/75% RH, 1 months 2.58 71.52 12.9 ± 0.2 0.1 ± 0.0 13.1 ± 0.2 

40 °C/75% RH, 2 months 1.63 86.03 12.7 ± 0.4 0.1 ± 0.0 12.9 ± 0.4 

40 °C/75% RH, 3 months 2.01 78.37 12.8 ± 0.4 0.1 ± 0.0 13.0 ± 0.4 

40 °C/75% RH, 6 months 1.54 75.81 12.8 ± 0.2 0.1 ± 0.0 13.0 ± 0.3 
Similarity of two dissolution profiles: f1 = 0-15 and f2 = 50-100. 
Lag-time and T50% are shown as mean ± SD, n = 6. 
There were no significant differences (p < 0.05).

Table 5.4: Physical stability studies on drug release, lag-times and T50% of the two-
pulse release capsules (n = 6). 
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5.4.4 Buoyancy studies 

All devices floated immediately (no observable delay was noted) after being 

dropped into the medium.  After dissolution of the gelatin cap and first pulse drug tablet, 

the floating multi-pulsatile capsule instantly floated in the good vertical orientation 

relative to the medium until the second pulse drug tablet was released completely.  The 

bulk density of the floating multi-pulsatile capsules calculated from the total volume 

(~0.71 mL) was approximately 0.96 g/mL, lower than that of the gastric contents.  Also, 

the  distances within the floating multi-pulsatile capsules were determined as positive 

values, representing the good vertically stable orientation of the assembled floating multi-

pulsatile capsules (Table 5.5). 

 

Parameters  

 (mg) 686.89 ± 1.22 

 (mg) 56.44 ± 1.01 

 (cm) 1.80 ± 0.01 

 (cm) 0.37 ± 0.00 

 (mL) 0.71 ± 0.01 

 (mg) 631.06 ± 0.69 

 (cm) 1.21 ± 0.02 

 (cm) 0.20 ± 0.01 

Bulk density (g/mL) 0.96 ± 0.01 

Floating behavior Vertical orientation 
All the values are shown as mean ± SD, 

 : total mass of floating multi-pulsatile capsule, : mass of impermeable capsule body, : lenght of 
impermeable capsule body, : radius of impermeable capsule body,  : volume of impermeable capsule 
body, : mass of tablet, : height/thickness of tablet,  : metacentric height.

Table 5.5: Buoyancy parameters of floating multi-pulsatile capsules of two-pulse 
release capsules. 
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Furthermore, all assembled floating multi-pulsatile capsules also showed 

excellent structural integrity during all dissolution studies.  These properties are 

necessary for gastroretentive delivery systems to prevent destruction and/or relocation of 

the device into the lower parts of the GI tract during peristaltic contraction [39]. 

It has been reported that gastric retention times from previous floating drug 

delivery systems ranged from 3-10 hours, although their in vitro floating times were more 

observable than their gastric retention times [40-43].  Besides physiological 

consideration, this might be also caused by loss of their structural integrity and/or 

buoyancy prior to completely drug delivery. 

To further investigate the effect of hydrodynamic conditions on the overall 

buoyancy (and subsequent performance) of the two-pulse release capsules, a standard 

disintegration tester was modified to immerse capsules above and below the surface of a 

selected media (0.1N HCl buffer solution).  Our results showed that none of capsules 

tested lost its buoyancy due to loss of integrity.  Floating characteristics of all capsules 

were similar as observed during dissolution study without floating lag-time and capsules 

maintained their vertical orientation relative to the medium over 12 hours after 

dissolution of the gelatin cap and the first drug tablet.  Hence, the devices were exposed 

to most potentially extreme conditions that could occur in the stomach (if a series of 

strong smooth muscle contractions occurred, such as in Phase III of the migrating 

myoelectric complex of the stomach [44]).  This test method will help to define how 

robust the device needs to be. 

In general, buoyancy of a device is dependent on its overall density which should 

be below 1 g/mL (the approximate density of gastric fluid) until such a time as complete 

drug release has occurred.  In the present study, all devices maintained buoyancy 

efficiently due to their excellent structural integrity over the experimental period.  Only 
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the tablets inside the floating multi-pulsatile capsule were dissolved and/or eroded by the 

medium.  Although the medium occupied the empty area of dissolved or eroded tablet 

mass, the overall density of devices was maintained below 1 g/mL until complete drug 

release had occurred.  Since the medium’s density is usually less than the tablet’s density, 

the medium mass inside the floating multi-pulsatile capsule was lower than the part of the 

dissolved or eroded tablet mass.  Also, air content in the devices was maintained 

throughout, and this was enough to keep buoyancy during dissolution and disintegration 

studies.  This is obviously advantageous compared to floating bi-layered and matrix 

formulations, in which buoyancy decreased with time caused by loss of structural 

integrity [41, 45]. 

5.5 CONCLUSION 

A promising two-pulse release capsule has been successfully developed using 

strategy of floating dosage forms combining with pulsatile drug delivery systems.  

Testing satisfied reproducibility and robustness with respect to lag-time, T50%, and 

physical stability were demonstrated in various in vitro tests, this warrants further 

investigation with each drug candidate intended for use with the multiple dose platform.  

The novel gastroretentive multi-pulsatile capsule could easily be adapted for oral 

administration with a variety of drugs and could be especially useful for either targeted 

chronopharmaceutical therapy or repeated dosing regimens. 
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Chapter 6:  Clinically Relevant Gastroretentive Multi-Pulsatile 
Formulation Design for Once-Daily Administration 

Abstract: 

In this chapter multiple dose platforms are described that have been designed to 

yield sequential release profiles of a drug and to accomplish multiple-daily dosing 

regimens.  The platforms are designed to deliver each dose of a drug as a pulsatile 

fashion while still being retained in stomach.  Delivery of ciprofloxacin and verapamil 

from the multiple dose platforms was investigated as a potentially appropriate means in 

the treatment of infectious diseases or cardiovascular diseases, respectively.  From in 

vitro study, two-pulse release of ciprofloxacin and three-pulse release of verapamil 

aiming to mimic twice-daily and thrice-daily dosing regimens respectively were 

demonstrated.  Implications for the use of the multiple dose platforms are discussed and 

compared with current multiple-daily and once-daily dosing regimens for both of the 

drugs investigated.  By adjusting the time of administration and pulse time to the 

circadian pattern, the multiple pulse platforms also offer a promising way for 

chronotherapy.  Also, once-daily administration of the novel platforms promises to be a 

suitable alternative formulation dosing strategy compared to multiple-daily 

administration of a conventional immediate release products.  This will be convenient for 

the patient and enhance patient adherence to treatment regimens, ultimately leading to 

better therapeutic outcomes. 

6.1 INTRODUCTION 

Multiple-daily dosing regimens are frequently required for adequate or optimal 

therapy of acute and chronic diseases.  The success of a therapy is often undermined by 

poor patient adherence to the prescribed regimens.  For infectious diseases, the 
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consequence of poor compliance may be not only treatment failure, but also increase drug 

resistance in the community, an issue that has spiraled into a huge global health problem.  

Once-daily administration of medications offers the benefit of drug regimen adherence 

which would improve clinical outcomes, especially in infectious diseases and chronic 

diseases.  In contrast to long acting drugs, drugs with a relatively short half-life could 

benefit from once-daily dosing of sustained release formulations to provide the drug over 

prolonged period of time.  Not only reducing dosing frequency of immediate release 

formulations and improve patient compliance, but sustained release formulations also 

minimize peaks and valleys of drug concentrations in the body to optimize the drug 

efficacy or reduce adverse effects [1].  Nevertheless, in a number of cases, a continuous 

drug release is not optimal for the therapy. 

Recently, it has been reported that the time of drug administration can play a key 

role in determining the efficacy and tolerability of a pharmacological therapy.  Indeed, 

the temporal rhythms of bodily functions have been shown to affect not only the 

incidence or severity of a number of disease conditions but also the pharmacokinetics as 

well as pharmacodynamics of most drugs in use [2-4].  Accordingly, chronotherapy 

tailored to supply the patient with the appropriate dose of the required drug when this is 

especially needed is gaining increasing interest.  This increased awareness of 

chronotherapy has led to much interest in systems able to release drugs concurring to a 

pulsatile pattern.  Oral pulsatile drug delivery systems able to liberate a drug after a 

programmed lag phase that is initiated upon administration, ideally in the form of 

conventional immediate release dose have increasingly been suggested as a potentially 

suitable tool for meeting chronotherapeutic demands [5]. 

Interestingly, multi-pulsatile drug delivery system designed to provide repeated 

release profiles of single-pulsatile release could accomplish multiple-daily dosing 
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regimens for the drugs with a relatively short half-life as well with certain drugs that fail 

to be candidates for prolonged release.  These drug products could include formulations 

that are subject to a strong first-pass metabolism, limited absorption window, or those 

with issues related to pharmacological tolerance (receptor tolerances e.g. nitrates and 

beta-blockers) [6-9]. 

In order to develop oral multi-pulsatile drug delivery systems for accomplishing 

multiple-daily dosing regimens, the transit time of a dosage form in the GI tract may 

become a challenge for several drugs which are preferentially absorbed from the upper 

GI tract.  Previously reported transit times of conventional oral pulsatile dosage forms in 

the upper GI tract ranged from approximately 4-6 hours [10, 11].  The limited exposure 

time of the drug to the absorption area would result in minimizing bioavailability of the 

drug due to possible chance of incomplete drug release from the dosage forms.  In 

addition, oral multi-pulsatile drug delivery systems that release drug after lag-time of 6-7 

hours usually release drug in the large intestine, but the viscous contents of the lower part 

of the GI tract cause hindrance to the drug diffusion and also enzymatic degradation of 

some drugs make it an unfavorable site for drug release [10, 12, 13]. 

With a focus on delivering a multiple-daily dosing of a drug, dosage forms that 

possess gastric retention properties would be interested to obtain the benefit of release of 

each dose of drug at the same site which its maximum absorption can occur.  Therefore, 

we have developed these novel floating multiple dose platforms for oral administration.  

As previously indicated, the platforms comprised a first dose of drug in a soluble capsule 

cap and one or more successive dose(s) in a floating capsule body.  In the floating 

capsule body one or two arranged set(s) of a drug tablet, a thin spacer tablet, and a lag-

time tablet were placed next to a thick spacer tablet inside an impermeable capsule body 

and the lag-time tablet was positioned flush at the open body end.  Consequently, a 
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controlled amount of air was sealed in the innermost part of the capsule body, thus the 

overall density of the platform was reduced to achieve gastric floatation.  The desired lag-

time between each pulse of drug can be programmed by varying the composition and 

amount of the lag-time tablet. 

In this study we aim to investigate the potential application of the novel multiple 

dose platforms for delivering a therapeutically appropriate dose for a variety of clinically 

significant drug candidates.  Ciprofloxacin hydrochloride and verapamil hydrochloride 

were chosen as significant drugs for two-pulse and three-pulse platforms, respectively 

because both of them are typically prescribed as multiple-daily dosing regimens.  

Ciprofloxacin is an antibiotic with activity against a wide spectrum of microbial 

organisms while verapamil is a calcium channel blocker with indication for the chronic 

treatment of angina pectoris, hypertension, and arrhythmias [14-16].  They are also 

considered as the good candidates for gastroretentive dosage forms because they are 

mainly absorbed from the upper GI tract [17, 18].  In addition, suggestions for the use of 

the multiple dose platforms are provided with comparison to the current multiple-daily 

and once-daily dosing regimens for these two drugs. 

Ciprofloxacin is a broad spectrum fluoroquinolone antibiotic against both gram-

negative and gram-positive bacteria and is a well effective and tolerated treatment for a 

wide range of bacterial infections, including urinary tract infections, sexually transmitted 

infections, respiratory infections, as well as skin infections [14].  Urinary tract infections 

are among the most common types of hospital-acquired infections in the United States 

and other countries and the majority of uncomplicated urinary tract infections are caused 

by the gram-negative bacillus Escherichia coli [19-21].  Due to increasing rates of 

resistance to cotrimoxazole (trimethoprim/sulfamethoxazole), current standard treatment 

for uncomplicated urinary tract infections, fluoroquinolones, including ciprofloxacin are 
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recommended as a first-line therapy in area in which incidence of cotrimoxazole 

resistance is ≥10% [22].  Ciprofloxacin is commonly used for the treatment of urinary 

tract infections due to its excellent bactericidal activity against uropathogens [23-25].  

Moreover, the incidence of ciprofloxacin-resistant uropathogens is substantially less than 

for some other antimicrobial therapies [24, 26].  It has also been reported that 

susceptibility of E. coli is higher for ciprofloxacin (95%) than for cotrimoxacin (76%) 

[27].  This is incredibly important as antimicrobial resistance has a profound impact on 

clinical outcomes.  Since bactericidal activity of ciprofloxacin is concentration 

dependent, the ratio of area under plasma concentration curve to the minimum inhibitory 

concentration (AUC/MIC) and the ratio of peak serum concentration to the minimum 

inhibitory concentration (Cmax/MIC) are critical determinants correlated with clinical 

success and emergence of resistance [28].  The desired AUC/MIC and Cmax/MIC values 

can be achieved via twice-daily administration of conventional immediate release dosage 

forms of ciprofloxacin [29]. 

For oral administration, ciprofloxacin is available in conventional dosage forms as 

tablet and suspension [30].  Conventional tablets of ciprofloxacin are available in 250 mg 

and 500 mg and require twice-daily administration.  The twice-daily regimen is used for 

the treatment of urinary tract infections, including uncomplicated urinary tract infections 

(acute cystitis), complicated urinary tract infections, and acute uncomplicated 

pyelonephritis [25, 29-35]. 

To improve patients’ adherence to therapy and consequently reduce the risk of 

infection recurrence and emergence of antimicrobial resistance, a convenient once-daily 

formulation of ciprofloxacin has been significant interest for pharmaceutical agents.  

Therefore, extended release formulations are currently in the market including Cipro XR 

(Bayer Pharmaceutical Corp., West Haven, CT) and Proquin XR (Depomed, Inc., Menlo 
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Park, CA).  While Cipro XR consists of a bilayer tablet containing two different salts of 

ciprofloxacin (ciprofloxacin HCl and ciprofloxacin betain), allowing an immediate 

release of 35% of total dose to achieve rapid onset of action and an extended release of 

the remaining 65% of the dose within 3 hours prior to the tablet leaving out from the 

upper GI tract to the distal region of the small intestine, where ciprofloxacin absorption is 

decreased [32].  Proquin XR is a gastric retentive tablet which can increase its size upon 

absorbing water from the gastric fluid into a polymeric matrix and the drug gradually 

releases through dissolution of the matrix at the rate of approximately 90% of 500 mg 

dose over 6 hours to the upper GI tract, the main absorption site of ciprofloxacin [33].  

The extended release formulations provide the same extent of bioavailability as the 

immediate release formulations and their clinical outcomes were reported to be safe and 

effective and similar to twice-daily dosing of immediate release formulation. 

In fact, the E. coli strain is extremely sensitive to ciprofloxacin and concentrations 

obtained from the immediate release formulation were adequate to promote maximum 

bacterial eradication [29].  Consequently, there were no benefits observed with higher 

Cmax from extended release formulation.  Since drug elimination is independent of 

absorption kinetics, differences in release and absorption kinetics between extended and 

immediate release formulations have no impact on plasma half-lives which were 

observed as similar values for both types of formulations [23].  Additionally, there were 

no cumulative effects over time observed, demonstrating dose-linear pharmacokinetics 

and the absence of sustained release of extended release formulations [23].  Also, short 

half-life of ciprofloxacin compared to other fluoroquinolones is already suitable enough 

for the treatment of urinary tract infections [36].  From effects noted above, extended 

release formulations seem to be advantageous over immediate release formulation only in 

the aspect of reducing the dosing frequency. 
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Although ciprofloxacin is freely soluble in water (1 g/25 mL), its solubility is 

strongly dependent on the acidic pH and mainly absorbed from the upper GI tract with 70 

% bioavailability [37].  Consequently, recent studies aimed to sustain the drug release of 

ciprofloxacin to its absorption site (upper GI tract) via increasing gastric retention time of 

dosage form.  Effervescent floating pellets of ciprofloxacin were developed using mixture 

of lipid binders to control sustained release manner and using effervescent agent and 

HPMC to achieve buoyancy [38].  Floating alginate beads with/without chitosan, gellan 

gum, HPMC, and starch for sustained release of ciprofloxacin were also prepared to 

evaluate the formulation variables on the bead properties and to investigate in vitro 

release in acidic environments [39].  Since such multiparticulate systems could be 

distributed over the length of the GI tract due to requiring floating lag-time of these 

systems and then the drug may be released at different locations, single unit systems 

might be more favorable because of the large size of the dosage forms which restricts 

rapid passage through the gastric pylorus [40].  Some efforts have been focused on the 

development of effervescent floating tablets of ciprofloxacin. Those tablets have been 

previously developed as a matrix formulation containing HPMC and effervescent agent 

with/without swelling agent for swelling and floating abilities [41-44].  However, such 

systems showed some limitations in terms of floating lag-time and structural integrity 

which have a significant impact on residence time in the stomach.  Attaining sustain drug 

release as a zero order release for over prolonged period of time did not only decrease in 

absorption rate constant (Ka), but also significantly decreased Cmax and tmax. As a 

consequence of zero order release rapid onset of action was not obtained even though the 

formulation produced an AUC equivalent to that achieved with an immediate release 

formulation [44].  This indicates that sustained release formulation of ciprofloxacin might 

not be effective for bactericidal activity. 
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For verapamil, it is the first calcium channel blocker and it is well proven efficacy 

in the treatment of angina pectoris, hypertension, and arrhythmia [15, 16].  It has a 

relatively short half-life (about 2-7 hours), which necessitates multiple-daily dosing of 

every 6 to 8 hours [45].  It is approximately 90% absorbed from the upper GI tract, but it 

is subject to an extensive first-pass metabolism, thus its bioavailability is about 20-35% 

[45]. 

As being a drug for chronic conditions the sustained release oral dosage form with 

once-daily dosing would enhance the patient compliance and improve the therapeutic 

responses.  The current available orally sustained release formulations of verapamil given 

once daily are effective in lowering blood pressure over 24 hours as doses of 

conventional verapamil formulations given three times daily [46]. 

However, constant release of verapamil is might not be desirable due to factors 

such as a high first-pass metabolism and a limited absorption window [47, 48].  Lower 

bioavailability of sustained release verapamil compared with the same dose immediate 

release formulation has also been reported and this results from the concentration and/or 

input-rate-related saturable first-pass metabolism of verapamil [49].  In addition, 

verapamil HCl has a distinct pH-dependent solubility in the pH-range of the GI tract.  

The following solubility values have been reported: >100, 2.71, and 0.75 mg/mL at pH 

1.2-6.4, 6.8, and 7.4 respectively [50].  With sodium alginate matrix of sustained release 

formulations (Calan® SR and Isoptin® SR) [1], a possible decrease in the release rate 

when passing from the stomach into the intestine can result in in vivo variability and 

bioavailability problems. 

In fact, blood pressure and heart rate predictably undergo a circadian pattern in 

patients with hypertension and ischemic events, characterized by low values during sleep, 

rest, or inactivity, followed by a steep rise after awakening, and high values for the 
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remainder of the 24-hour period during wakefulness, increase activity, or work [51-53].  

In addition, adverse cardiovascular events including angina, acute myocardial infarction, 

stroke, and sudden cardiovascular death exhibit a substantial increase incidence after 

awakening [3]. 

Once-daily dosing of antihypertensive agents exhibits diminishing efficacy during 

the last few hours of the dosing interval which coincides with the early-morning rapid 

increase in blood pressure and heart rate because their dosing time are usually in the 

morning [54, 55].  Changing to night-time dosing of these antihypertensive agents 

potentially results in hypotension during sleep which might provoke myocardial ischemia 

in patients with underlying coronary artery disease and left ventricular dysfunction [56].  

Also, excessive hypotension may result in a cerebrovascular accident or anterior ischemic 

optic neuropathy [1].  This can also imply that the incidence of hypotension during sleep 

might occur due to constant release of verapamil from the sustained release formulation.  

Therefore, the need to deliver the drug to attenuate the rise of blood pressure and heart 

rate in the early morning period, but not to excessively decrease blood pressure during 

sleeping hour has been increased. 

Oral pulsatile delivery systems for verapamil have also been launched in the 

marketplace in order to meet chronotherapeutic requirement related to cardiovascular 

diseases and achieve once-daily dosing.  Firstly, controlled-onset extended-release 

(COER-24) verapamil (Covera® HS tablet) is an osmotic pump providing sustained 

release after pre-determined lag-time [1, 57].  The device is consisted of a bipartite tablet 

core, including a drug compartment and a hydrophilic swellable polymer push 

compartment.  The core is entirely coated by a semi-permeable cellulosic membrane with 

two laser-drilled orifices connecting the drug tablet with the outer medium.  Between the 

core and semi-permeable film, an additional hydrophilic layer is applied to further 
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prolong the delay preceding onset of release.  Water penetrates into the core across the 

outer coat, eventually resulting in dissolution of the drug simultaneously with swelling of 

hydrophilic polymer compartment.  The consequent expansion of the push compartment 

leads to a constant rate explosion of drug solution through the laser-drilled orifices.  The 

other system is chronotherapeutic oral drug absorption system (CODAS) verapamil 

(Verelan® PM capsule), which is a multiparticulate system [1].  Verapamil is surrounded 

an inert core and is coated with water-soluble and water-insoluble polymers.  The drug 

diffuses through the pores created via dissolving the water-soluble polymer in GI fluid 

and the drug is controlled release by the water-insoluble polymer.  Both systems have 

been specifically designed for night-time dosing.  After administered at bedtime (around 

10 PM), both formulations delay drug release for 4 to 5 hours (onset of drug release at 2 

AM to 3 AM) and reach the peak plasma concentrations of verapamil in the early 

morning hours (6 AM to 12 noon) providing enhanced blood pressure and heart rate 

controls during the greatest risk of adverse cardiovascular events as well as throughout 

the entire 24-period without excessive blood pressure lowering during sleep [51, 52, 56, 

58]. 

Since verapamil has higher solubility in the upper intestinal pH than in the lower 

intestine pH, verapamil is considered as a good candidate for gastroretentive dosage 

forms.  This allows verapamil to release in solution form to the upper part of small 

intestine, where it is also mainly absorbed.  Increasing gastric residence time of dosage 

forms also promotes complete drug absorption before the dosage form could potentially 

exit the GI tract because reported transit times of conventional oral dosage forms across 

the stomach and small intestine are about 4-6 hours.  This extended transit time could 

lead to incomplete drug absorption from the dosage forms and diminished efficacy of the 

administered dose [59, 60].  Consequently, oral pulsatile release dosage forms possessing 
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gastric retention capabilities have become of increased interest.  Recently, floating 

dosage forms, including tablet and capsule with one-pulse release of verapamil were 

developed and their gamma-scintigraphic data in human confirmed the capability of these 

dosage forms to prolong the gastric residence time and release the drug after desired lag-

time periods [61, 62]. 

6.2 MATERIALS 

Capsugel provided hard gelatin capsules size 0 (Capsugel, Greenwood, SC).  Dow 

Chemical provided ethylcellulose (EC; Ethocel® Standard 100 Premium), hydroxypropyl 

methylcellulose (HPMC; Methocel® K 100 Premium LV) (Dow Chemical Company, 

Midland, MI).  JRS Pharma provided silicified microcrystalline cellulose (SMCC; 

Prosolv SMCC® 90) (JRS Pharma, Patterson, NY).  Mutchler Inc. provided lactose 

monohydrate (FlowLac® 100) (Mutchler Inc., Harrington Park, NJ).  Vertellus provided 

triethyl citrate (TEC) (Vertellus, Greensboro, NC).  Other materials were purchased from 

various suppliers: acetone (VWR International, Inc., Suwanee, GA), ciprofloxacin HCl 

and isopropanol (Thermo Fisher Scientific Inc., Fair Lawn, NJ), verapamil HCl 

(Sigma−Aldrich Co., St. Louis, MO), litmus indicator (powder) (Acros Organics, Geel, 

Belgium), croscarmellose sodium and magnesium stearate (MgSt) (Spectrum Chemicals, 

Gardena, CA). 

6.3 METHODS 

6.3.1 Manufacture of multiple dose platforms 

6.3.1.1 Preparation of impermeable capsule body 

Gastric fluid impermeable capsule bodies (size 0) were prepared using a 

laboratory scale dipping process.  The gelatin capsule bodies were separated from the cap 

and dipped into the coating solution which contained Ethocel® Standard 100 Premium 
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and TEC (ratio 95:5) as 8% w/v solutions in a 50:50 v/v mixture of acetone and 

isopropanol for 10 seconds per dipping cycle, with a periodicity of 10 minutes (to allow 

for evaporation) in the fume hood until completely four dipping cycles.  The capsule 

bodies were then dried in the oven at 40 °C for 12 hours to remove all the solvent.  The 

resultant capsule bodies were then further processed by simply immersing in hot water to 

remove the gelatin layer, yielding a completely impermeable capsule body. 

Also, gastric fluid impermeable capsule bodies were filled with litmus indicator 

powder.  Individual impermeable capsule bodies (n = 6) were placed into beakers 

containing with 0.1N HCl buffer solution (40 mL) at with the temperature maintained at 

37 ± 2 °C for 24 hours.  A color change observed in the litmus indicator as well as the 

visual migration of the dissolved indicator into the capsule wall were both considered to 

be failures in acid/water uptake resistance. 

6.3.1.2 Preparation of drug tablets 

The aim of this step was to prepare an immediate release tablet for each 

investigated drug using dry-blend direct compression with croscarmellose sodium 

employed as a disintegrant.  SMCC was added to enhance tablet compressibility.  The 

drug tablet formulations are shown in Table 6.1.  All powdered ingredients were passed 

through a 600 µm sieve before use to aid deagglomeration.  The components of each 

formulation except MgSt were tumble mixed for 15 minutes.  MgSt was added into each 

powder blend and tumbled mixed for an additional 5 minutes before compaction.  The 

blend powders of each formulation were fed manually into a single-punch tablet press 

machine (Model F, F.J. Stokes Machine Company, Philadelphia, PA) equipped with a 7-

mm diameter non-beveled flat faced punch (Natoli Engineering Company, Inc., 

St.Charles, MO) and compressed to a tablet (Table 6.2 and Table 6.3). 
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Ingredients Ciprofloxacin 
tablet 

Verapamil 
tablet 

Lag-time tablet Spacer tablet 

Two-pulse Three-pulse thick thin 1st 2nd 
Ciprofloxacin HCl 291.00* − − − − − −
Verapamil HCl − 80.00 − − − − −
FlowLac® 100 4.00 8.25 59.50 74.50 42.25 137.70 38.25 
Prosolv SMCC® 90 4.15 8.25 − − − 36.00 10.00 
croscarmellose sodium 9.3 3.00 − − − 5.40 1.50 
HPMC K100 LV − − 40.00 25.00 7.50 − −
MgSt 1.55 0.50 0.50 0.50 0.25 0.90 0.25 

Total 310.00 100.00 100.00 100.0
0 50.00 180.00 50.00 

* This amount is equivalent to 250 mg of ciprofloxacin. 
All the values are shown as milligrams. 

Table 6.1: Compositions of prepared drug, lag-time, and spacer tablets. 

 

Type of tablet Weight 
(mg) 

Thickness 
(cm) 

Hardness 
(kp) 

Disintegration 
time (sec) 

Cumulative 
drug release at 
15 min (%) 

Ciprofloxacin tablet 309.99 ± 0.33 0.57 ± 0.00 18.05 ± 0.67 66.00 ± 3.69 95.05 ± 1.85 
Thick spacer tablet 180.01 ± 0.13 0.34 ± 0.00 4.87 ± 0.57 23.67 ± 0.58 – 
Thin spacer tablet 50.18 ± 0.24 0.10 ± 0.00 2.62 ± 0.28 6.67 ± 0.52 – 
Lag-time tablet 100.30 ± 0.23 0.20 ± 0.00 3.63 ± 0.12 – – 

Table 6.2: Physical characterizations of the tablets assembled in the two-pulse 
ciprofloxacin capsules (mean ± SD, n = 6). 

 

Type of tablet Weight 
(mg) 

Thickness 
(cm) 

Hardness 
(kp) 

Disintegration 

time (sec) 

Cumulative 
drug release at 
15 min (%) 

Verapamil tablet 100.17 ± 0.30 0.20 ± 0.00 3.53 ± 0.41 39.00 ± 3.65 91.10 ± 2.73 
Thick spacer tablet 180.27 ± 0.15 0.34 ± 0.01 4.93 ± 0.31 23.00 ± 0.89 – 
Thin spacer tablet 50.33 ± 0.20 0.10 ± 0.00 2.62 ± 0.28 6.83 ± 0.41 – 
1st lag -time tablet 100.00 ± 0.17 0.20 ± 0.00 3.85 ± 0.23 – – 
2nd lag-time tablet 50.20 ± 0.10 0.10 ± 0.00 1.93 ± 0.48 – – 

Table 6.3: Physical characterizations of the tablets assembled in the three-pulse 
verapamil capsules (mean ± SD, n = 6). 
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6.3.1.3 Preparation of lag-time tablets 

Ingredients of each formulation as described in Table 6.1 were passed through a 

600 µm sieve and tumble mixed for 15 minutes, excluding MgSt.  MgSt was added into 

powder mixture and tumbled mixed for a further mixing 5 minutes.  The powder mixture 

was fed manually into the single-punch tablet press machine equipped with the 7-mm 

diameter non-beveled flat faced punch and compressed to a tablet (Table 6.2 and Table 

6.3). 

6.3.1.4 Preparation of spacer tablets 

Powder blends for both thick and thin spacer tablets comprising 76.5% w/w 

lactose monohydrate, 20% w/w SMCC, 3% w/w croscarmellose sodium, and 0.5% w/w 

MgSt were prepared by passing all ingredients through a 600 µm sieve and tumble 

mixing all ingredients, excluding MgSt for 15 minutes followed by adding MgSt and 

further mixing for 5 minutes (Table 6.1).  As previously, each powder blend was fed 

manually into the single-punch tablet press machine equipped with the 7-mm diameter 

non-beveled flat faced punch and pressed as a tablet (Table 6.2 and Table 6.3). 

6.3.1.5 Physical characteristics of tablets 

With the aim of delivering each drug from the novel platforms as an immediate 

release, drug tablets (n = 6) were subjected to disintegration test conducted in 900 mL of 

0.1N HCl buffer solution at 37 ± 2 °C using disintegration tester (Vander kamp, Model 

71A-174A-3, Van-Kel Industries, Inc., Chatham, NJ).  In addition, disintegration study 

for spacer tablets (n = 6) were also conducted under the same conditions as those 

conducted for the drug tablets. 

Dissolution test of drug tablets (n = 6) was also performed in a Hanson SR-PlusTM 

Dissolution Test Station USP type II apparatus (Hanson Research Corp., Chatsworth, 
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CA) at a paddle speed of 50 rpm in 900 mL of a 0.1N HCl buffer solution (pH 1.2) at 37 

± 0.5 °C.  The study was carried out for 60 minutes. The samples of 3 mL were 

withdrawn through a suitable filter (10 micron) every 10 minutes.  The withdrawn 

samples were replaced with fresh dissolution medium.  The samples were diluted 50 and 

8 times with 0.1N HCl buffer solution for ciprofloxacin and verapamil, respectively and 

then the drug concentrations were measured at 277 nm for ciprofloxacin and at 229 nm 

for verapamil using UV/VIS spectrophotometer (Agilent Technologies, Inc., Santa Clara, 

CA). 

For all tablet types in this study, hardness (n = 6) was evaluated using hardness 

tester (Herberlein and Co., AG, Switzerland), and thickness (n = 6) was determined using 

an electronic micrometer (No. 723, The L.S. Starrett Company, Athol, MA). 

6.3.1.6 Fabrication of multiple dose platforms 

6.3.1.6.1 Assembly of two-pulse ciprofloxacin capsule 

A two-pulse ciprofloxacin capsule was assembled by inserting a thick spacer 

tablet into an impermeable capsule body followed by the second pulse ciprofloxacin 

tablet, a thin spacer tablet, and a lag-time tablet, respectively.  The position of the lag-

time tablet was flush with the mouth of the impermeable capsule body.  A relatively air-

tight seal was therefore created in the innermost portion of the impermeable capsule 

body.  Finally, the first pulse ciprofloxacin tablet was placed onto the lag-time tablet and 

then covered with a water soluble gelatin cap (Figure 6.1). 
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Figure 6.1: Configuration of the two-pulse ciprofloxacin capsule. 

6.3.1.6.2 Assembly of three-pulse verapamil capsule 

A three-pulse verapamil capsule was assembled by inserting a thick spacer tablet 

into an impermeable capsule body followed by the third pulse verapamil tablet, thin 

spacer tablet, the second lag-time tablet, the second pulse verapamil tablet, thin spacer 

tablet, and the first lag-time tablet.  The the first lag-time tablet was positioned flush with 

the open end the impermeable capsule body.  A relatively air-tight seal was created in the 

innermost portion of the impermeable capsule body.  Finally, the first pulse verapamil 

tablet was placed onto the first lag-time tablet and covered with a water soluble gelatin 

cap (Figure 6.2). 
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Figure 6.2: Configuration of the three-pulse verapamil capsule. 

6.3.2 Dissolution study 

The release rates of the drug containing capsules (n = 6) were determined using a 

Hanson SR-PlusTM Dissolution Test Station USP type II apparatus (Hanson Research 

Corp., Chatsworth, CA) at a paddle speed of 50 rpm in 900 mL of a 0.1N HCl buffer 

solution (pH 1.2) at 37 ± 0.5 °C.  The study was carried out for 16 hours and 19 hours for 

ciprofloxacin and verapamil, respectively.  The samples of 3 mL were withdrawn through 

filter (10 micron) every 30 minutes.  The withdrawn samples were replaced with fresh 

dissolution medium.  The samples were diluted 50 and 8 times with 0.1N HCl buffer 

solution for ciprofloxacin and verapamil, respectively and drug concentrations were 

measured at 277 nm for ciprofloxacin and at 229 nm for verapamil by UV/VIS 

spectrophotometer (Agilent Technologies, Inc., Santa Clara, CA).  The dissolution data 

obtained were plotted as percent cumulative drug released versus time.  The time of 50% 

drug release of pulse release (T50%) was also calculated by extrapolation on the time axis 

of each individual release curve.  Average and standard deviations for lag-times and T50% 

were determined. 
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6.3.3 Buoyancy studies 

Floating characteristics of the multiple dose platforms were evaluated during 

dissolution study.  The floating lag-times and floating durations of the capsules were 

examined by visual observation.  In addition, after dissolution of the gelatin cap, floating 

orientation of the capsule on the medium was assessed using a visual ranking scheme.  

The ranking scheme was classified as: partially submerged, inclined, or vertically 

oriented.  The theoretical metacentric height or  distance was also determined to 

compare with the visual stability evaluation by using Eq. (3.4) described in Chapter 3, 

Section 3.3.3.  For stability, the  distance must be positive and stability (restoring 

force) increases with increasing  distance. 

In addition, the structural integrity of the devices during the study was also 

visually monitored. 

6.4 RESULTS AND DISCUSSION 

6.4.1 Manufacture of multiple dose platforms 

6.4.1.1 Preparation of impermeable capsule body 

The impermeable capsule bodies with an average weight of 56 mg were prepared 

and showed an excellent acid and water uptake resistance for 24 hours.  This property not 

only protects the drug from the premature release and/or gastric environment during the 

device retaining in the stomach, but also restricts fluid access to the single exposed tablet 

face only, controlling drug release.  In addition, the impermeable capsule shell was strong 

yet flexible enough to place the tablet components inside, allowing all components fit 

together very well with the final addition of the gelatin cap during assembly. 
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6.4.1.2 Physical characteristics of tablets 

It has been reported that tablet location in a pulsatile capsule has influenced on 

drug release behavior and can be controlled by weight or thickness of the capsule content 

[61, 63, 64].  Thus, the weight and thickness of the tablets were monitored during this 

study and demonstrated with a low variation (SD < 0.5) as summarized in Table 6.2 and 

Table 6.3. 

Rapid disintegration and dissolution of investigated tablets were observed (Table 

6.2 and Table 6.3).  Disintegration times for verapamil tablets and spacer tablets were 

below 45 seconds while ciprofloxacin tablets required about 1 minute to completely 

disintegrate.  The higher disintegration time for the ciprofloxacin tablets may be 

associated with their larger size compared to other tablet types, and occurred even though 

all drug and spacer tablets contained the same amount of disintegrant (croscarmellose 

sodium).  However, all drug tablets showed more than 85% drug release within 15 

minutes which is able to accomplish immediate release when they are delivered from the 

multiple dose platforms. 

6.4.1.3 Fabrication of multiple dose platforms 

In general, the floating device should be less dense than the stomach contents in 

order to remain in the fundus region of the stomach, where mixing of the stomach 

contents occurs to a lesser extent [65].  With the aim of maintaining buoyancy, two-pulse 

and three-pulse platforms were specially designed to loading with the optimal mass inside 

a floating capsule body and sealing a controlled amount of air in the innermost part of the 

capsule body.  The optimal tablet mass can be divided into several parts including lag-

time tablet(s),  thin spacer tablet(s), drug tablet(s), and a thick spacer tablet as outlined in 

Figure 6.1 and Figure 6.2.  The first drug tablet is contained in a soluble gelatin cap to 

provide immediately release of the first dose of drug after rapid dissolution of the cap. 
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Adding optimal tablet mass inside the impermeable capsule body provides overall 

density of the floating capsule body <1 g/mL below the density of the gastric contents 

(reported as ~1.004 g/mL) [66].  Controlling loading capacity and position of air pocket 

inside the capsule body also allows the floating capsule body to float in the vertical 

orientation providing a constant surface area for dissolution/erosion of the lag-time tablet; 

this also offers the better control of pulsatile release because the water ingression is 

restricted at the open end of the floating capsule body only [61, 67, 68]. 

Additionally, in the present study all tablets were compressed with a 7-mm 

diameter non-beveled flat faced punch which fitted tightly inside the impermeable 

capsule shell, so the tablet components would not slide and could hold their position in 

the capsule body during handling and testing.  The outer surface of the lag-time tablet 

was also flush with the open end of the capsule body.  The tight fit between lag-time 

tablet and capsule body shell plays an important role to avoid fluid access to the capsule 

contents and drug release before complete dissolution/erosion of lag-time tablet [67]. 

Importantly, the multiple dose platforms are composed of orally acceptable 

excipients and manufactured using conventional technological procedures and 

equipment.  Also, each part of these novel platforms can be prepared separately and 

assembled in the final step, which could ultimately aid scale up and be suited to multiple 

site manufacturing. 

6.4.2 Dissolution study 

After the gelatin cap dissolved in medium, this was followed by rapid release of 

the first dose of both of either drug (T50% ~0.3 hour) (Table 6.4).  HPMC contained 

within the lag-time tablet formed a gel rapidly, this was able to seal the opening at the 

terminal end of the capsule and prevent premature penetration of medium; thus 
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adequately controlling lag-time.  If during dissolution/erosion of the lag-time tablet, 

medium penetrated through the gel layer and reached to the next tablet before complete 

dissolution/erosion of lag-time tablet, this would lead to premature release of drug during 

lag-time as observed in previous pulsatile capsules [61, 69]. 

However, adding a thin spacer tablet between lag-time tablet and drug tablet in 

this current work showed an excellent inhibition effect on premature release problem 

during the desired lag-time (Figure 6.3 and Figure 6.4).  After lag-time interval, the next 

dose of drug was released in a pulsatile pattern within a short time (< 1.5 hours).  The 

other subsequent dose from three-pulse platform was also released within a short time (< 

1.5 hours) after the second desired lag-time interval. 

 

Capsules 
Lag-time interval (hour) T50% (hour) 

1st lag-time 2nd lag-time 1st dose 2nd dose 3rd dose 

Two-pulse ciprofloxacin 12.3 ± 0.3 – 0.3 ± 0.0 12.8 ± 0.1 – 

Three-pulse verapamil 8.0 ± 0.0 16.8 ± 0.3 0.3 ± 0.0 8.5 ± 0.2 17.0 ± 0.2 
Dissolution study: 900 mL of 0.1N HCl buffer solution (pH 1.2, 37 ± 0.5 °C) at paddle speed 50 rpm. 

Table 6.4: Drug release characteristics of multiple dose platforms (mean ± SD, n = 6). 

6.4.2.1 Two-pulse ciprofloxacin capsules 

In the present study, a 12-hour lag-time between two pulses of ciprofloxacin 

could be successfully obtained from the two-pulse ciprofloxacin capsules fitted with a 

100 mg lag-time tablet containing 40% Methocel® K100 LV (Figure 6.3 and Table 6.4). 
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Figure 6.3: Drug release in 0.1N HCl buffer solution (pH 1.2, 37 ± 0.5°C) at paddle 
speed 50 rpm from two-pulse ciprofloxacin capsules (mean ± SD, n = 6). 

Concerning to increase patient adherence for higher rate of clinical success with 

the good tolerability profile and reducing the spread of bacterial resistance, the 

convenient once-daily administration is required for greater patient compliance.  In this 

study, a two-pulse ciprofloxacin capsule for once-daily administration, therefore, has 

been developed.  In vitro results confirmed that the two-pulse ciprofloxacin capsule was 

capable of immediate floatation (no floating lag-time) with the excellence of buoyancy 

and structural integrity.  These properties will promote prolonged gastric retention time 

of the capsule to be able to completely release the drug at the upper GI tract, where the 

drug is mainly absorbed.  Also, the rapid release of the first dose of ciprofloxacin 

followed by the delayed release of the second dose of the drug after a lag-time period of 

12 hours was obtained from the two-pulse ciprofloxacin capsule.  Possibly, the two-pulse 

ciprofloxacin capsule has ability to deliver the drug similar to that achieved with twice-
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daily administration of conventional, immediate release ciprofloxacin and, thereby, it 

should be as safe and effective as the conventional dosage forms.  In addition, delivery 

ciprofloxacin from the two-pulse ciprofloxacin capsule also avoids an unnecessary 

sustained exposure of the patient to the drug.  The two-pulse ciprofloxacin capsule is 

proposed to be administered in once-daily dosing regimen of the same total daily dose as 

the conventional immediate release formulation.  Therefore, patient adherence to therapy 

could be improved and, thereby, the risk of infection recurrence and emergence of 

antibacterial resistance could be reduced. 

6.4.2.2 Three-pulse verapamil capsules 

In the three-pulse verapamil capsule, same lag-time between each pulse of the 

drug could be obtained by decreasing the polymer content and/or the lag-time tablet 

weight because of increasing distance of the second lag-time tablet from the exit of the 

floating capsule body which limited the water ingression and decreased the dissolution of 

the second lag-time tablet and the third drug tablet as well.  In the present study, the lag-

time of 8 hours could be achieved from the three-pulse verapamil capsules comprising a 

100 mg lag-time tablet containing 25% Methocel® K100 LV as the first lag-time tablet 

and a 50 mg lag-time tablet containing 15% Methocel® K100 LV as the second lag-time 

tablet (Figure 6.4 and Table 6.4). 
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Figure 6.4: Drug release in 0.1N HCl buffer solution (pH 1.2, 37 ± 0.5°C) at paddle 
speed 50 rpm from three-pulse verapamil capsules (mean ± SD, n = 6). 

With a focus on a formulation that could be given once daily and deliver a drug at 

appropriate time with the circadian rhythms for the better treatment of disease, a three-

pulse platform proposed for verapamil has been developed in this study.  The three-pulse 

verapamil capsule is composed of three immediate release tablets of verapamil and 

designed for delivery each drug tablet as a pulsatile fashion during retaining in the 

stomach.  From in vitro study, the first drug tablet inside the soluble capsule cap was 

dissolved immediately after dissolution of the cap, while other two subsequent drug 

tablets housed in the floating multi-pulsatile capsule were released after the lag-time 

interval of an 8-hour period.  Additionally, the three-pulse verapamil capsule was able to 

float immediately (no floating-lag time) with excellent buoyancy and structural integrity 

and this would enhance prolonged residence time of the three-pulse verapamil capsule in 
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the stomach for achieving complete release of the drug at the upper GI tract, main 

absorption area of the drug. 

Based on Prisant et al study, plasma concentrations of verapamil after 

administration of immediate release verapamil 80 mg every 8 hours beginning at 8 AM 

followed by 4 PM and 12 AM (midnight) reached the peak in about 2 hours after each 

dosing time (corresponding to 10 AM, 6 PM, and 2 AM respectively) as shown in Figure 

6.5 [1].  If the three-pulse verapamil capsule is administered once in the evening at 8 PM, 

the same pattern of plasma drug concentration over the time as administration of 

conventional immediate releases verapamil can be expected, but the plasma 

concentrations will reach the peak at about 10 PM, 6 AM, and 2 PM respectively instead 

(Figure 6.5).  Following this prediction, the three-pulse verapamil capsule will be capable 

of delivery maximal plasma drug concentration during the early morning period, 

coinciding with the rapid increase in blood pressure and heart rate associated with the 

peak period of adverse cardiovascular events.  Also, it has been reported that about 65% 

of all unstable angina occur at 10 PM when patients are at rest [70] and this may obtain 

the benefit from administration the three-pulse verapamil capsule in the evening at 8 PM 

as described previously.  In addition, administration three-pulse verapamil capsule would 

also avoid the interruption of normal sleep patterns, and thus resulting in improvement of 

impaired compliance.  Moreover, blood pressure would not excessively decrease during 

sleeping hour, potentially avoiding the incidence of hypotension.  Therefore, the 

multiple-pulse platforms offer a promising way for chronotherapy if the time of 

administration and pulse time are adjusted to the circadian pattern. 

Additionally, delivery verapamil from the three-pulse platform, in order to reduce 

dosage frequency and obtain plasma peak at an optimal time may also avoid problems of 

saturable first-pass metabolism and tolerance development. 
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Figure 6.5: Plasma concentration of verapamil after administration conventional 
immediate release verapamil 80 mg every 8 hours starting at 8 AM and 
proposed dosing time of three-pulse verapamil capsule: adapted from 
reference [1]. 

6.4.3 Buoyancy studies 

All capsules floated immediately (no observable delay was noted) after being 

dropped into the dissolution medium.  After gelatin cap and first pulse drug tablet were 

dissolved, the floating multi-pulsatile capsule instantly floated in the good vertical 

orientation relative to the medium until the drug tablet was released completely.  The 

bulk densities of the floating multi-pulsatile capsules were approximately 0.97 g/mL for 

two-pulse ciprofloxacin capsules and 0.95 g/mL for three-pulse verapamil capsules, 

lower than density of the gastric contents (Table 6.5).  Also, the  distances within the 

floating multi-pulsatile capsules were determined as positive values, representing a good 

vertically stable orientation of the assembled floating multi-pulsatile capsules.  

Furthermore, all assembled floating multi-pulsatile capsules also showed excellent 

structural integrity during dissolution study.  These properties are necessary for 
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gastroretentive delivery systems to prevent destruction and/or relocation of the device 

into the lower parts of the GI tract during peristaltic contraction [71]. 

 

Parameters Two-pulse ciprofloxacin 
capsules 

Three-pulse verapamil 
capsules 

 (mg) 695.69 ± 0.96 687.07 ± 1.06 

 (mg) 56.48 ± 0.86 56.37 ± 0.61 

 (cm) 1.81 ± 0.01 1.81 ± 0.01 

 (cm) 0.37 ± 0.00 0.37 ± 0.00 

 (mL) 0.72 ± 0.01 0.73 ± 0.00 

 (mg) 639.98 ± 0.29 631.30 ± 0.92 

 (cm) 1.21 ± 0.00 1.23 ± 0.01 

 (cm) 0.20 ± 0.01 0.18 ± 0.00 

Bulk density (g/mL) 0.97 ± 0.01 0.95 ± 0.00 

Floating behavior Vertical orientation Vertical orientation 
 : total mass of floating multi-pulsatile capsule. 

All the values are shown as mean ± SD, (n = 6).

Table 6.5: Buoyancy parameters of floating multi-pulsatile capsules for two-pulse 
ciprofloxacin capsules and three-pulse verapamil capsules. 

6.5 CONCLUSION 

Once-daily administration of medications may be attained from the novel multiple 

dose platforms.  This could clearly enhance adherence and convenience for patient and 

improve clinical outcomes, especially in infectious diseases and chronic diseases.  The 

platforms also act to form a reservoir of the drug in the upper GI tract for providing the 

maximum absorption as well as deliver the drug at an appropriate time related to 

pathophysiology of diseases.  In this study, the two-pulse ciprofloxacin capsule proposed 

to administer as a once-daily dosing could improve patient adherence to the treatment 

regimen and contribute to lowering the risk of disease recurrence as well as emergence of 
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antimicrobial resistance in the community.  For the three-pulse verapamil capsule, the 

capsule would not only enhance the patient compliance for clinical success, but also 

deliver the drug at the right time when the drug is most needed, both factors contribute to 

the overall effectiveness of therapy by targeting the symptoms of diseases, whilst 

avoiding excessive drug in the body which is related to the therapeutic risk from toxicity 

issues with the drug. 
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Chapter 7:  Dissertation Conclusion 

Multiple dose platforms designed for delivering a variety of drugs as a single oral 

administration were successfully developed in order to enhance patient compliance and, 

thereby, increase therapeutic outcomes.  The multiple dose platforms were shown to be 

able to deliver multiple appropriate doses of a drug at specific time in a pulsatile pattern.  

Clinically it is hoped that the platforms would be retained in the stomach and combine 

the advantages of floating dosage forms which would allow each dose of the drug to 

release above or within an optimal absorption window for enhanced bioavailability.  Also 

multiple dose platforms can be used to deliver a drug at the right time related to 

pathophysiology of diseases by controlling the time of administration and pulse time of 

the drug release. 

The multiple dose platforms described in these studies were manufactured using 

readily available methods.  The delivery systems comprised a first immediate dose of the 

drug that was presented in a soluble capsule cap and one or more subsequent pulsatile 

dose(s) housed within in a floating multi-pulsatile capsule.  In order to maintain gastric 

buoyancy in a vertical orientation for reproducible pulsatile release, optimal loading of 

the floating capsule was required by fine adjustment with the addition of an internal 

spacer tablet (a thick spacer tablet) that altered the capsules metacentric height.  Desired 

pre-programmed lag-time intervals, prior to pulsatile drug release, could be moderated by 

manipulation of the composition and thickness of lag-time tablets within the floating 

multi-pulsatile capsule.  It was found that higher polymer content in the lag-time tablet 

and higher thickness of the lag-time tablet contributed to incidence of premature drug 

release prior to the desired pulsed release time.  However, this phenomenon was 

overcome by adding thin spacer tablet between drug pulsatile tablet and the lag-time 
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tablet.  In the floating multi-pulsatile capsule, one or more arranged set(s) of a drug 

pulsatile tablet, a thin spacer tablet, and a lag-time tablet was therefore placed next to a 

thick spacer tablet inside a gastric fluid impermeable capsule body, and the first lag-time 

tablet was positioned flush at the terminal and open end of the capsule.  The positioning 

of the thick spacer tablet, as the first component within the insoluble capsule shell, acted 

to seal a controlled amount of air in the innermost part of the capsule body, thus reducing 

the overall density of the final assembled device.  Inclusion of this sealed chamber of gas 

and the specific placement of internal components allow for gastric floatation in the 

desired orientation. 

Investigations of structural integrity, buoyancy performance, and in vitro gastric 

retention ability were demonstrated to assure that the platform had the ability to survive 

destruction in a variety of hydrodynamic conditions, and theoretically avoid relocation to 

the lower GI tract.  Destruction and relocation are thought to be possible during the 

intense peristaltic contraction phases of the stomach cycles.  Experimental robustness and 

reproducibility results were satisified with respect to drug release characteristics, 

buoyancy behavior as well as structural integrity.  Additionally, potential dose dumping 

effects were investigated with the multiple dose platform from various in vitro dissolution 

studies with different media (varying pH and alcohol content) and different 

hydrodynamic conditions (varying speed rotation).  The results reported in Chapter 5, 

indicated that dose dumping could be induced under extreme experimental conditions, 

and those conditions are extremely unlikely to be present in an in vivo setting.   Stability 

tests were also conducted under accelerated storage condition (at 40 °C/75% RH) for 6 

months and under ambient storage condition (at 25 °C/50% RH) for 12 months, the 

results shown in Section 5.4.3, Chapter 5 demonstrated the durability of the formulations 

to maintain their release profiles when stored under a variety of conditions.  With good 
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stability demonstrated further investigations on more drugs as well as in vivo studies 

become logical next steps.  Importantly, the multiple dose platforms were produced from 

orally acceptable excipients and manufactured by using conventional technological 

procedures and equipment.  Also, each part of these novel platforms can be prepared 

separately and assembled in the final step, lending the technology to industrialization and 

scale up. 

The research conducted within the scope of this dissertation was intended to 

demonstrate the applicability of the novel multiple dose platforms for a variety of drugs 

aimed at enhancing patient adherence to therapy that traditionally requires multiple dose 

regimens of single tablets over an extended period of time.  By presenting the potential of 

the multiple dose platforms using a variety of clinically relevant drugs, including 

theophylline, ciprofloxacin, and verapamil, once-daily administration of the novel 

platforms promises to be a suitable alternative dosing strategy compared to multiple-daily 

administration of a conventional single dose immediate release products.  By adjusting 

the time of administration and pulse time to the circadian pattern, the multiple dose 

platforms also offer a promising approach for chronotherapeutics. 

Since chronically ill or high-risk patients need to adhere strictly to timed 

medication but it is difficult to realize tightly scheduled medication by standard 

pharmaceutical administration due to frequently poor compliance, it is obvious that this 

can only be realized by a programmable drug delivery system that can release 

pharmaceutical substances at a determined time.  The multiple dose platform that takes 

over this task for a time period hours to potentially days, without requiring much effort 

by the patient would, thus, not only increase convenience (and subsequent compliance), 

but also increase the efficacy of the therapy.  Ultimately, this successful research should 

improve the quality of life for people facing severe illnesses. 
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Appendix:  A Rapidly Disintegrating Tablet for Targeted Oral Drug 
Delivery 

A.1 INTRODUCTION 

Many drugs are sensitive to gastric acid and protease enzymes found in the 

stomach.  Additionally their maximum absorption occurs in the upper small intestine [1].  

Enteric coatings are useful to prevent release of drugs prior to reaching the small intestine 

[2].  And, rapid disintegration in the small intestine also facilitates rapid drug absorption, 

preferably allowing for the rapid onset of therapeutic concentrations. 

The objective of this study was to prepare a rapidly disintegrating enterically 

coated tablet for oral drug delivery.  Formulations were improved by comparing the 

disintegration times, dissolution profiles, and extent of acid uptake. 

Theophylline was used as a model drug, and silicified microcrystalline cellulose 

(Prosolv SMCC® 90) was used to enhance the tablet hardness (enabling the enteric 

coating step) [3, 4]. 

A.2 MATERIALS 

Theophylline anhydrous (powder, U.S.P) was chosen as a model drug and 

purchased from Spectrum Chemicals (Gardena, CA).  Croscarmellose sodium is a cross-

linked polymer of sodium carboxymethylcellulose and was purchased from Spectrum 

Chemicals (Gardena, CA).  Crospovidone (Kollidon® CL) was provided by BASF 

(Ludwigshafen, Germany).  Explotab® (sodium starch glycolate and sodium 

carboxymethylcellulose) was donated by JRS Pharma (Patterson, NY).  Low-substituted 

hydroxypropyl cellulose (L-HPC grade LH-22) was also kindly donated by Shin-Etsu 

Chemical Co.Ltd. (Tokyo, Japan).  Prosolv SMCC® 90 (Silicified Microcrystalline 

Cellulose) was provided by JRS Pharma (Patterson, NY).  Lactose monohydrate 

(FlowLac® 100) was used as diluents and provided by Mutchler Inc. (Harrington Park, 
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NJ).  Magnesium stearate was also used as lubricant and purchased from Spectrum 

Chemicals (Gardena, CA). 

A.3 METHODS 

A.3.1 Preparation of theophylline core tablets 

Tablets were prepared comprising theophylline anhydrous, Prosolv SMCC® 90, 

lactose monohydrate, one of four disintegrants: croscarmellose sodium, crospovidone 

(Kollidon®), sodium starch glycolate (Explotab®), or low-substituted hydroxypropyl 

cellulose (L-HPC grade LH-22), and magnesium stearate as shown in Table A.1. 

 

Amount (% w/w) 
Formulation 

1 2 3 4 5 6 7 
Theophylline 
anhydrous  50.0 50.0 50.0 50.0 50.0 50.0 50.0 

Prosolv SMCC® 90 20.0 20.0 20.0 20.0 20.0 20.0 20.0 
Lactose monohydrate  29.5 29.0 28.5 27.5 26.5 25.5 24.5 
Disintegrant 0 0.5 1.0 2.0 3.0 4.0 5.0 
Magnesium stearate 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Table A.1: Composition of theophylline core tablets. 

The mixtures were sieved through a 600-μm sieve and blended for 15 minutes in 

an orbital mixer (Model Yoke, Patterson-Kelley Co., East Stroudsburg, PA).  This was 

followed by the addition of magnesium stearate, and additional mixing for 5 minutes.  

Tablets with an average weight of 100 mg were prepared by direct compression using a 

rotary tablet press (Model B2, F.J. Stokes Machine Company, Philadelphia, PA) and 5 

mm diameter punches (Natoli Engineering Company, Inc., St.Charles, MO). 
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A.3.2 Physical testing of theophylline core tablets 

Tablets were subjected to physical testing to determine hardness (n = 10) using 

Heberlein hardness tester (Herberlein and Co. AG, Wattwil, Switzerland).  Friability (n = 

20) for each formulation was also evaluated using a friability tester (Vanderkamp model 

10801, Van-Kel Industries, Inc., Chatham, NJ).  Disintegration (n = 6) was performed in 

900 ml of deionized water at 37 ± 2 °C using a disintegrating tester (Vander kamp model 

71A-174A-3, Van-Kel Industries, Inc., Chatham, NJ). 

A.3.3 Dissolution study 

A dissolution study was performed in a USP type II apparatus (Hanson SR-PlusTM 

Dissolution Test Station; Hanson Research Corporation; Chatsworth, CA) at a paddle 

speed of 50 rpm in 900 ml of  0.1N HCl buffer solution (pH 1.2) at 37 ± 0.5 °C (n = 6).  

The samples of 3 ml were withdrawn through filter (10 micron) at 5, 10, 15, 30, 45 and 

60 minutes.  The withdrawn samples were replaced with fresh dissolution medium.  The 

samples of 1 ml were measured for theophylline concentrations at 270 nm using UV/VIS 

spectrophotometry (Agilent, Santa Clara, CA).  The dissolution data obtained were 

plotted as percent cumulative drug released versus time. 

A.3.4 Preparation of enteric coated theophylline tablets 

Theophylline tablets containing croscarmellose sodium 3% w/w were selected 

and coated with a 14% w/w aqueous dispersion of Eudragit® L100-55, using a tablet 

charge of 100 g in a fluid-bed STREA 1 coater (GEA Aeromatic-fielder AG, Columbia, 

MD) with the coating process conditions listed in Table A.2. 

A.3.5 Acid uptake and enteric performance of enteric coated theophylline tablets 

Enteric coated theophylline tablets were sampled at 3.6, 4.8, 7.5, 11.5, and 15.4% 

w/w coating weight gains. 
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Acid uptake testing was performed in a Hanson SR-PlusTM Dissolution Test 

Station USP type II apparatus (Hanson Research Corporation; Chatsworth, CA) at a 

paddle speed of 50 rpm in 900 mL of 0.1N HCl buffer solution (pH 1.2) at 37 ± 0.5 °C (n 

= 6).  Enteric coated tablets (n = 6) were weighed individually and dropped in 0.1N HCl 

buffer solution.  After 2 hours the tablets were removed from the vessel, excess surface 

moisture was eliminated with a paper towel, and the tablets were re-weighed.  The 

difference in the weights was reported as percent acid uptake. 

Enteric performance determined using dissolution study was also conducted in a 

0.1N HCl acid phase for 2 hours, followed by a dissolution phase in pH 6.8 phosphate 

buffer at a paddle speed of 50 rpm and 37 ± 0.5 °C (n = 6).  The samples of 3 mL were 

withdrawn through filter (10 micron) at 120, 125, 130, 135, 140, 165 and 180 minutes.  

The withdrawn samples were replaced with fresh dissolution medium.  The samples of 1 

mL were measured for theophylline concentrations at 270 nm using UV/VIS 

spectrophotometry (Agilent, Santa Clara, CA).  The dissolution data obtained were 

plotted as percent cumulative drug released versus time. 

 
Process parameters 
Inlet temperature (°C) 77-81  
Outlet temperature (°C) 68-71 
Atomizing pressure (bar) 1.5-1.7 
Blow-out pressure (bar) 1-2 
Capacity of fan 4-6 
Air flow rate (m3/h) 85-110 
Spray rate (g/min)  3-4 

Table A.2: Coating process conditions for enteric coating. 
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A.4 RESULTS AND DISCUSSION 

All formulations showed good hardness, and friability.  The median (interquartile 

range) hardness and friability for all formulations were 10.25 (9.75-10.50 kp) and 0.05 

(0.0499-0.0500%) respectively.  There were no significant differences for either hardness 

or friability among all formulations (Kruskal Wallis Rank-Sum test, p > 0.05). 

Disintegration times (Table A.3) at less than 60 seconds occurred at 0.5-5.0% 

w/w of croscarmellose sodium, 3.0-5.0% w/w of crospovidone, 0.5-5.0% w/w of 

Explotab®, and 2.0-5.0% w/w of L-HPC. 

 
Disintegrant 
in formula 
(%w/w)  

Disintegration time (seconds ± SD) 
Croscarmellose 
sodium  Crospovidone  Explotab  L-HPC  

(LH-22)  
0.5 27.4 ± 13.8  772.0 ± 16.4  49.1 ± 22.3  334.4 ± 10.2  
1 22.1 ± 16.7  150.7 ± 22.8  31.1 ± 13.5  88.4 ± 7.8  
2 19.1 ± 5.8  60.7 ± 18.4  25.1 ± 8.1  30.9 ± 7.1  
3 20.0 ± 17.0  15.9 ± 6.9  24.8 ± 7.6  25.4 ± 10.4  
4 16.9 ± 11.7  17.0 ± 7.3  30.7 ± 7.8  23.1 ± 8.0  
5 19.3 ± 8.1  14.5 ± 16.3  27.7 ± 10.5  22.4 ± 6.4  

Table A.3: Average disintegration time of theophylline tablets (n = 12). 

Although the disintegration time of the theophylline tablets containing 0.5% w/w 

croscarmellose sodium is the lowest compared with other disintegrants at the same 

concentration, the drug dissolution rate was less than 85% within 15 minutes (Figure 

A.1).  However, rapid dissolution of theophylline tablets for all disintegrants was 

observed at 3% w/w disintegrant. 
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Figure A.1: Dissolution profiles of theophylline tablets (n = 6). 

Prosolv SMCC® 90 enhanced the tablet compressibility allowing a hard tablet to 

be formed that showed low friability, this may ultimately allow an enteric coating to be 

applied effectively for a very rapidly disintegrating coated tablet. 

The theophylline tablet containing 3% w/w croscarmellose sodium was chosen for 

enteric coating study.  Enteric performance of coated theophylline tablets was evaluated 

as shown in Table A.4.  These results indicate that coating levels ≥ 11.5% w/w were 

sufficient to provide acid resistance for the theophylline tablets studied (acid uptake 

<10%) [2]. 

After dissolution in a 0.1N HCl acid phase for 2 hours, followed by a dissolution 

phase in pH 6.8 phosphate buffer, a tablet with 11.5% w/w enteric weight gain showed 

more than 85% drug release within 15 minutes, in Figure A.2, compared with 135 

minutes for a 15.4% w/w enteric weight gain. 
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Enteric weight gain (% w/w) Acid uptake (%) Theophylline release in 0.1N 
HCl after 2 hours (%) 

3.6 115.45 − 
4.8 89.66 − 
7.5 74.39 − 
11.5 6.70 0.192 
15.4 5.92 0.036 

Table A.4: Enteric performance of enteric coated theophylline tablets (n = 6). 

 

 

Figure A.2: Dissolution profiles of enteric coated theophylline tablets in phosphate 
buffer pH 6.8 (n = 6). 

A.5 CONCLUSION 

A rapidly disintegrating enterically coated tablet was successfully prepared using 

direct compression followed by enteric coating.  The disintegrant croscarmellose sodium 
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at a 3% w/w level, and an enteric coating level of approximately 11% w/w with 

Eudragit® L100-55, was found to be the most optimal in this study. 
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