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COMPUTER AIDED DOSAGE FORM DESIGN I: 

THEORETICAL CONSIDERATIONS FOR CONTROLLED 

RELEASE DRUG DELIVERY SYSTEMS
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SUMMARY

T heories employing th e  clinical pharm acokinetic ch a rac te ris tic s  of a 

d ru g  candidate were developed to define the req u ired  release ra te  

co nstan ts  and  payloads fo r controlled ze ro -o rd e r and f ir s t-o rd e r  

re lease  delivery  system s (DDS). Both one and two com partmental 

d ru g s  w ere considered . T he goal is to  maintain steady  s ta te  plasma 

d ru g  concentrations w ithin a selected concentration ran g e  when a DDS 

is adm inistered a t a co n stan t dosing in te rv a l. S teady s ta te  plasma 

concentration  equations w ere d erived . All the  acceptable combinations 

of release ra te  co nstan ts  and  doses were determ ined using  the steady  

s ta te  equations and com puter re ite ra tiv e  simulation method.

Mathematical descrip tions fo r the  re su lta n t release ra te  constan t - dose 

profiles were also developed based  on the  steady  s ta te  equations and 

th e  selected concen tration  ran g e  (or th erap eu tic  w indow ). The effects  

of absorp tion  (kfl) , d is tr ib u tio n  (k ^2 anc* ^ 21 »̂ elimination (k fo r one 

compartment and  k^Q fo r two com partm ent), clearance (CL), and  the 

window on the release ra te  constan t - dose profiles w ere exam ined. In 

the  case of ze ro -o rd e r system s, a maximum dosage ran g e  was 

observed . This ran g e  ap p ears  when the duration  of the DDS is an 

in teg ra l multiple of th e  dosing in te rv a l. I t is dependen t only on the 

window, clearance, and  th e  dosing in te rv a l. A minimum req u ired  

duration  was also ob serv ed  fo r ze ro -o rd e r system s. T his du ra tion  can 

be estim ated from the  dosing  in te rv a l, the  th erap eu tic  index , and  the  

ap p aren t half-life  of the  d ru g  candidate . However, in th e  case of 

f ir s t-o rd e r  system s, the  dosage ran g e  increases as the  release ra te
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constan t decreases and  no maximum dosage ran g e  was observed . The 

utilization of th ese  theo ries  req u ire s  values fo r the  micro ra te  

co n stan ts , the  volume of d is tr ib u tio n , the  dosing in te rv a l and  a 

selected window. The application of th ese  theories to the  descrip tion  

of a specific goal in DDS design  was also illu s tra ted .
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INTRODUCTION

The purpose  of a controlled release d ru g  delivery  system  (DDS) is 

to  control th e  ra te  of d ru g  delivery  and  th e reb y  contro l the  d ru g  

concentration a t the  ta rg e t s ite . A well designed system  may fail to 

achieve its  clinical goals if the  d ru g  which it delivers re p re se n ts  an 

irra tional choice fo r the perform ance ch arac te ris tics  of th e  system . 

T herefo re , defining the  req u ired  delivery  system  specifications fo r a 

d ru g  candidate can prov ide an a p rio ri basis fo r: ( 1) deciding w hether 

o r not to begin  form ulation work by  comparing the  req u ire d  behavior 

to th a t achievable by  th e  available technology; (2) estab lish ing  the  

w idest ran g e  of acceptable perform ance c rite ria ; and (3) p rov id ing  a 

re fe ren ce  s tan d a rd  to m easure th e  degree of success if form ulation is 

u n d e rta k e n .

D rug disposition is determ ined by the  pharm acokinetic p ro p ertie s  of 

the  d ru g  itse lf. The associated  pharm acokinetic param eters can be 

used  to es tab lish  quan tita tive  rela tionsh ips betw een th e  ra te  of 

adm inistration and th e  stead y  s ta te  d ru g  concentrations in the  plasma. 

Since th is  is th e  basis fo r th e  design  of controlled re lease  d ru g  

delivery  system s, the  utilization of clinical pharm acokinetic 

ch arac te ris tics  to  define perform ance specifications is expeditious.

The goal fo r a controlled re lease  d ru g  delivery  system  may be to 

m aintain steady  s ta te  concen trations w ithin a recognized th erap eu tic  

window or to duplicate th e  ran g e  encountered  with the  usual dosage 

forms on a normal regim en. R epetitively  dosing a ze ro -o rd e r DDS a t a
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dosage in te rv a l of t  equal to  th e  duration  of th e  system  (T) will 

p rov ide constan t steady  s ta te  concen trations similar to those obtained 

by  co n s ta n t-ra te  i .v .  in fu sio n .^  This p ro d u c t specification is 

re s tr ic tiv e  since it  re q u ire s  a DDS to  behave according to T  = D /kQ

= T .

Several re p o rts  d iscu ss controlled release d ru g  delivery  system

design  using  pharm acokinetic approaches. However, most of these

stud ies  use  a single dose plasma concentration  time course to define 
9-10th ese  param eters . In add ition , p rev ious stud ies used  only a one

com partment model d ru g  which is re leased  from the delivery  system
1-7 4 R-10 2e ith e r  by  a ze ro -o rd e r o r a f ir s t-o rd e r  • p rocess . Nelson ,

0 4 C
Rowland and B eckett , Robinson and  Erik sen , D obrinska and Welling 

£
and Kwan have proposed  methods to calculate the zero -o rd er release 

ra te  and  dose fo r th e  m aintenance portion  of the delivery  system  and 

the  req u ired  in stan taneous dose to  provide a rap id  and  constan t d ru g  

level. However, a single dose plasma concentration  time course 

equation was used  and  a single p ro d u c t specification, not a ran g e , was 

defined in all p rev ious re p o rts .

C onsequently , certa in  lim itations have been imposed when 

controlled re lease  d ru g  delivery  system s a re  designed  according to  the  

methods proposed  by  th ese  au th o rs

(1) The use  of a single dose equation fo r the  determ ination of 

re lease ra te  and  dosage size may no t be adequate  when multiple 

dosing is re q u ire d .

(2) The calculated ze ro -o rd e r release p a tte rn  and dosage size are



re s tr ic te d  to delivery  system s whose functioning duration  T is 

equal to  the  m ultiple dosing in te rv a l, x .

The c u r re n t s tu d y  avoids these  limitations by defining th e  w idest 

ran g e  of p ro d u c t specifications which will sa tisfy  the  p ro d u c t goal.

The design  and  evaluation of th ese  delivery  system s is based  on 

m ultiple dosing . The crite rio n  used  fo r an acceptable delivery  system  

is the  m aintenance of s tead y  s ta te  plasma d ru g  concentrations w ithin a 

desired  concentration  ra n g e , such  as the  th erap eu tic  window fo r the  

d ru g  on a rep e titiv e  dosage schedule. M oreover, the  functioning 

du ra tion  of th e  ze ro -o rd e r DDS (T) is not be limited to T= t  .

Multiple dose s te a d y -s ta te  plasma d ru g  concentration  equations have 

been derived  and  successfu lly  employed to define the  req u ired  p roduct 

specifications by  com paring th e  simulated steady  s ta te  concentrations 

to those desired  fo r th e  d ru g  candidate.

The method involves th re e  s tep s  to define the release ra te  and 

dosage size profiles fo r controlled  release d ru g  delivery  system s using  

pharm acokinetic param eters: ( 1) a mathematical model is estab lished  to

describe  d ru g  re lease , ab so rp tio n , d is trib u tio n , and elimination; (2) 

the  behavior of the  d ru g  in  each component of the model, and  the 

in te rdependency  of th ese  k in e tics , a re  charac terized  mathematically;

(3) the  perform ance c h a rac te ris tic s  fo r th e  delivery  system s a re  then  

determ ined by  com paring sim ulated s te a d y -s ta te  plasma 

concentration-tim e courses to the  desired  concentrations and 

estab lish ing  th e  maximum ran g e  of acceptable specifications by 

re ite ra tio n .
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THEORETICAL SECTION

Scheme I re p re se n ts  ze ro -o rd e r (kQ) o r f ir s t-o rd e r  (k j)  release 

from an orally  adm inistered d ru g  delivery  system , DDS, followed by  

f ir s t-o rd e r  absorp tion  (kfl) and disposition ( k j2 , k 2i ,  and k j Q) .

(F ir s t -O r d e r )DRUG IN
CONTROLLED ------------------------------ i

RELEASE DDS Ic,-, (Z ero-O rder)

DRUG
DISTRIBUTION “

12

*21

DRUG
DISSOLVED IN 
G .I . FLUIDS

(A b so rp tio n )

DRUG IN 
BLOOD

*!( (E lim in a tio n )

EXCRETION AND 
METABOLISM

Scheme I

The amount contained in each phase as a function of time will be 

designated : [DDS] = d ru g  in th e  DDS; [DS] = d ru g  in solution in the 

g . i .  t ra c t ;  [A l] = d ru g  in  the  cen tra l com partm ent; [A2] = d ru g  in 

the  p e rip h era l com partm ent.

Scheme II re p re se n ts  th e  oral adm inistration of a d ru g  described  

by  one compartment model d isposition,
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k (a k

[DDS] [DS] *- [A]

k,o

Scheme II

w here [A] is the  amount of d ru g  in the  body and k  is th e  elimination 

ra te  constan t.

In  both  cases, the  bioavailability of d issolved d ru g  [DS] will be 

assum ed to be complete (F  = 1). T h is is a reasonable c rite rio n  fo r an

Zero-order Release, General. - -  The following assum ptions have been 

invoked to provide a ll-inclusive solutions. The re su lts  a re  easily 

tra n s la ted  to more re s tr ic tiv e  situations w here lim iting assum ptions 

app ly . Previous investigations have assum ed th a t abso rp tion  is much 

fa s te r  th an  re lease  from th e  DDS and th a t T is smaller th an  the  

dosage in te rv a l, x . The c u r re n t trea tm en t places no re s tr ic tio n s  on 

e ith e r  k a o r T .

In deriv ing  the  s te a d y -s ta te  equations, it is assum ed th a t all of 

the  d ru g  is eventually  re leased  and  ab so rb ed . However, when the  

d u ra tion  of the  device (T) is longer th an  its  g as tro in tes tin a l tra n s it  

time (G IT ), p a r t  of the  dose will be expelled before de livery  is 

complete. This situation is accommodated by  p re sen tin g  re su lts  as 

p rofiles showing th e  du ra tion  of the  d ru g  delivery  system  v e rsu s  dose

1 ?oral controlled release d ru g  candidate.
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(T  v s  D ) . T h is allows one to select any  GIT value and d irectly  

iden tify  from th e  profiles those p roducts  w herein T S GIT. These 

profiles also p rov ide a m eans to define the  minimum possible duration  

which would re su lt  in  an effective p ro d u c t.

The overall z e ro -o rd e r  re lease ra te  a t any  given time, t ,  depends 

upon th e  num ber of function ing  u n its  p re se n t. When t  < T , th is  

num ber equals th e  to ta l num ber of adm inistered doses (n) since none 

have ex p ired . D uring  each dosing in te rv a l, when t  > T , th is  num ber 

rep e titiv e ly  a lte rn a te s  betw een the  two values (M + 1) and  M w here

T = M(t ) + At (1 .1)

When T  < x, M = 0 and  At = T . When T  > x, M is a positive in teg er 

defined as M = IN T (T /x ) and  the  limits fo r At a re  th e re fo re ,

0 £ At < x .

R epetitive dosing equations fo r ze ro -o rd e r system s have th erefo re  

been  d eriv ed  u n d e r two conditions: t  < M(x) and t  > M (x). When

t  < M (x), each newly adm inistered  dose increases the  release ra te  b u t 

a single multiple dose equation  containing the  dose num ber describes 

th e  d ru g  plasma concentration  time course . When t  > M (x), one un it 

ex p ires  a t t '  = At d u rin g  each x in te rv a l w here 0 £  t 1 £ x . This 

re q u ire s  two sep ara te  equations to describe  the  time course d u rin g  a 

dosing  in te rv a l: one d u rin g  the  period t '  5 At and an o th er fo r

t '  > At.
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Two Compartment, Zero-order, n -th  Dose, Condition 1: t < M(x) --  

The to ta l ra te  of re lease  Is n k Q d u rin g  the period , 0 < t  £ M (t) ,  since 

th e  num ber of function ing  u n its  equals the  to tal num ber of 

adm inistered doses, n . T he d ifferen tia l equations fo r th e  amount of 

d ru g  in each site  in Scheme I d u rin g  th is  period a re :

-d [D D S ]/d t = n k Q (1 .2)

d [D S ]/d t = n k Q - k a [DS] (1 .3)

and  those fo r any  time period  are

d [ A l] /d t  = k a [DS] - (k 12 + k 10)[A l]  + k 21[A2] (1 .4)

d [A 2 ]/d t = k 12[A l] - k 21[A2] (1 .5)

Equation (1 .4 ) may be solved fo r the  d ru g  concentration  in plasma 

d u rin g  each dosing in te rv a l, 0 < t 1 ^ x :

I nk0k2 i k a k0k.a (k21- k a ) ( l - e " nka T)
C = -----{------------------------------------------------------------e -ka t  -

Vi ka ag ka (ct-ka ) ( 3 - k a ) ( l - e " ka T)

koka (k2 1 - « )d - e " naT) , k0ka (k2 l-B ) ( l - e ““ 3T)
-----------------------   e ~ a t ------------------------------------------ e- ^  } ( 1 . 6 )

<*(ka~o)  ( 3~ a) ( l - e -(XT) 3 (ka- 3 ) ( o r 3 ) ( l - e “ PT)

w here V j is th e  volume of th e  cen tra l com partment.

Two Compartment, Zero-order, n -th  Dose, Condition 2: t > M(x) --  

When t  > M (t) ,  one u n it ex p ires  ev ery  time t '  reaches At. T h erefo re ,

(M + 1) u n its  function  from t 1 = 0 to At and M u n its  function from At

to x yielding two release ra te s :  (M + l ) k Q and (M)kQ.
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Once th e  condition, t  > M(t ) , is sa tisfied , th e  same a lte rn a tin g  

in p u t p a tte rn  is rep ea ted  d u rin g  each dosing in te rv a l. The dose 

num ber co rrespond ing  to th is  constan tly  rep ea tin g  in p u t p a tte rn  is 

j = n  - M which has an in itial value of 1 a t t  = M (x). The initial 

period  d u rin g  each t in te rv a l, 0 < t 1 :£ At, is described  by

1 (M+l)k0kak2i. k0ka (k2i - k a )
C --------{ (1 -

VL ka af3 ka (a -k a ) (3 -k a)

e"k T C e ^ U O - l) ( L -e-U - 2 >kaT}
■ ■" ■ -  e- ( ) ka T(eka ( ) ) e - kat '

( l - e -k a T)

k0ka(k21-ct) e“ « ( e « C A t ) _ i ) ( i _ e- ( j - 2 ) o r )
•(1 -

a(ka-a )(3 -a )  ( l - e “aT)

k0ka (k 2 i-3 )
e - C j - O a T X e a C A t O - x ^ e - a t ' ------------------------------------------------------( l  -

e - B T ( e 3 ( A t ) „ ] w i _ e - ( j - 2 ) 3 T )

----------------------------------------------------------- (1 .7 )
( l - e ” 3T)

T h e  term in al p e r io d ,  At < t* < t , i s  d e s c r ib e d  b y

1 Mk0kak21 k0k a ( k21"ka> ( e ka ( A t ) - i ) ( i - e - ( j - l ) ka T)
C -  ---- {----------------  + ------------------------- (-----------------------------------------  +

Vi ka a3 ka ( o - k a ) ( 3 - k a ) ( l - e “ka T)

k0k a ( k 2 i - o )
e“ C j ”l ) k a T(eka(At)_Xjt ) )  e ^ a ^ '  + (

a  a (k a- a ) ( B - a )

( e a( A t ) _ ! ) ( i - e“ ( j - 1 )
------------------------------------------- +  e” C J- 1 ) aT( e ° (  At )-Xa) ) e” a t ' +

( l - e - a t )

k0k - ( k 2 i _ 3) ( e 3 ( A t ) _ 1 ) ( 1 _ e - ( j - l ) 3 T )
- 2 - 1 -------------(------------------------------------  + e -C j-^ P K e ^ C A t^ x ^ je -e t '}

3 (ka- 3 ) ( c r - 3 )  ( 1 - e " ^ )
(1 . 8 )
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w here each X fac to r is Xj = ( l - e “ ( ^ +-^*T)/( l-e ~ * T) and i re p re se n ts  

kft, a , o r P.

Two-Compartment, Zero-order, Steady State. - -  T hese equations will 

describe  steady  s ta te  d ru g  plasma concentration time courses when 

j = ®o so th a t  eq . (1 .7) becomes

1 (M+l)kQkak2l k0ka(k2i -k a) (eka (At) - l ) e -k aT
c ss = -----{-------------------------------------------------- ( 1 -------------  j e ^ a t

Vj. ka a3 ka(a-ka)(3-k a) ( l - e -kaT)

koka(k21~«> (e ° (At) - l ) e“aT) koka(k2L-3>
---------------------- ( 1 --------------------:-----) e 'a t --------------------------- (1 -

o(ka-a )(g -a )  ( l - e -OT) 3(ka-3 )(a -3 )

( e 3 (A t)_ i)e-0x)
----------------  (1 .9 )

( l - e " 3 f )

and eq . (1 .8 ) becomes

1 MkQk a k 2 1  k 0 k a ( k 2 1 - k a ) ( e k a ( At ) - i )
Css  = ----- {  +  e' kat  +

Vi ka a3 ka (cr*ka)(  3-ka) ( l - e“kaT)

koka(k2 1 -« ) (e a( At> -D  . k0ka(k21-3)(ePC At ) - i )
. e - a t '  +  ----------------------------------------------e - 3 t 1 j  ( 1 . 1 0 )

o ( k a - a ) ( 3 - o ) ( l - e ” « )  g ( k a - 3 ) ( a _ p ) ( 1 _ e - 3 T )

One Compartment, Zero-order, Steady State. --  Using the  same 

approach  fo r Scheme II, w here commonly employed lite ra tu re  

re s tr ic tio n s  on T  and  k ft a re  again om itted, leads to
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1 (M+l)ko k0k a ( e k a (A t ) - i . ) e “ka T (
c ss  =  j---------------------------------( l --------------------------------

V k ka ( k -k a ) ( l - e “^aT)

kQka ( e k ( A t ) _ 1 ) e -kT
( 1 ----------------------------- ) e- k f *} (1 . 11)

k (k a- k )  ( l - e “kT)

when 0 < t ' < At and

1 Mko k0kaeka(At) - l )  k0ka (ek(A t)_ i)
q s s  = —— |   + ■. . — . .. e~kat  1 + e~kt J

V k ka (k-ka ) ( l - e - kaT) k(ka- k ) ( l - e -kT)
(1 . 12)

when At ^ t '  £ t  .

First-order Release, General. - -  C on trary  to ze ro -o rd e r re lease , a 

f ir s t-o rd e r  p rocess approaches completion asym ptotically making the  

mathematical solution fo r th e  time req u ired  to re lease  th e  full dose 

approaches «>. A p rac tica l approach  is to consider th e  effective 

duration  of the  DDS as th e  time req u ired  to re lease some acceptable 

percen tage of the to tal dose. The influence of the time to deliver a 

selected fraction  of th e  dose upon the p ro d u c t specifications will be 

p resen ted  la te r  in the  d iscussion .

Two Compartment, First order, Steady State. - -  Solving th e

d ifferen tia l equations fo r Scheme I, w here release is f i r s t  o rd e r,
19apply ing  th e  multiple dosing fac to r and  se ttin g  n = » p rov ides
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k ik aD0 (k21" kl )  .
c ss o -------------{----------------------------------------------- e ^ l*  +

V i (k a- k 1 )(cr-k1 ) ( p - k 1 ) ( l - e - k lT )

( t 21- k a ) ,e - k a t . +

( kl -k a ) ( «"ka ) ( 0“ka ) ( 1-e_kaT)

(k2i~a) -rtf *
( k ^ a X V -a X p -a X l- e - a T )

(k21"3)

( k l - 0 ) ( ka“ 3 ) ( a - $ ) ( l _ e- PT)

a t +

e - 3 t ’ } (1 .13)

One Com partm ent. F irs t  o rd e r . S teady S ta te . - -  A pplying th e  same 

treatm en t to Scheme II y ields

kl kaDo 1 . ,c ss  -------------{ g -k it +
V (k a-k O C fc-lc iX l-e^ lT )

1 1
-e"kat  + i . e~kt * J

( k i - k a ) ( k - k a ) ( l - e " k aT) (kL- k ) ( k a- k ) ( l - e - k T)

( l . U )
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EXPERIMENTAL

Reiterative Simulations of Steady State Concentration-Time Courses To 

Describe DDS Specifications. - -  Since eq s . 1 .9 -1 .14  contain both  dose 

size and  re lease  ra te  co n stan ts , th e re  ex is ts  the  possibility  fo r an 

in fin ite  num ber of combinations capable of m aintaining s te a d y -s ta te  

concen trations w ithin a selected th erap eu tic  window. T hese successfu l 

combinations can be found using  com puter simulations by  the  following 

p ro c e d u re .

For a given se t of values fo r x and the  pharm acokinetic param eters 

in Schemes I o r II, eq s . 1 .9  - 1.14 are  initialized with small values for 

dose and release ra te  co n stan ts . R esu ltan t s teady  s ta te  levels are  

th en  compared to  the  d esired  limits (Fig. 1 .1 ). For each release ra te  

co n stan t, th e  dose size is re ite ra tiv e ly  increased  and the levels are  

te s te d  u n til all successfu l dose sizes a re  found. Then the  release ra te  

constan t value is in creased  and th e  p rocess  rep ea ted . The re su lta n t 

re lease ra te -d o se  profiles ( illu s tra ted  in Fig. 1 .2) can then  be 

employed to choose final p ro d u c t specifications.
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O nset of S teady S tate  - -  O nset time may be defined as the time 

re q u ire d  to  reach  94% of th e  steady  s ta te  concentration  which normally
19re q u ire s  four times the  term inal half-life  ( t ^ ^ )  ■ The onset fo r 

f i r s t-o rd e r  system s was observed  to  occur a t four half lives a f te r  

in itia tin g  th e  regim en. However, the  onset fo r ze ro -o rd e r system s was 

found to  be four times th e  biological half-life  p lus M(x) since th e  

re lease  p a tte rn  becomes rep e titiv e  only a f te r  t  = M(t ) . Then 

(M + l ) k Q is operating  d u rin g  0 ^ t* < At and MkQ is in e ffect du rin g  

At < t '  < T.

V erification of S teady S tate  Equations b y  Comparison to Superposition

Method - -  Single dose equations fo r the fo u r cases rep re sen te d  in

Schemes I and  II fo r k Q and  k^ w ere derived  in the  usual m anner

(Table 1 .1) and  th e  method of superposition  was used  to generate
1 ^s tead y  s ta te  time cou rses u sing  the  com puter. The data poin ts in 

Fig. 1.1 a re  steady  s ta te  concen trations using  superposition  while the  

cu rv es  are  calculated u sin g  e q s . 1.9 to 1.14. All te s ts  showed 

agreem ent between the  two methods th u s  verify ing  the  valid ity  of eqs. 

1.9 to 1.14.

R eitera tive  Simulations of S teady S tate C oncentrations to Define 

Release Rate-D ose Profiles - -  F igure 1.2 shows typical release ra te  

constan t - dose profiles (delivery  p rofiles) fo r ze ro -o rd e r and 

f ir s t-o rd e r  system s as obtained by  re ite ra tio n  of release ra te  constan ts 

and  dose sizes in e q s . 1 .9  to 1.14 u sing  th e  th erap eu tic  window and
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ra te  constan t values indicated  in the fig u re . The enclosed area  

re p re se n ts  the  re lease  ra te  constan t and dose combinations th a t can 

provide steady  s ta te  concen trations w ithin the  th erap eu tic  window.

The shapes of these  p rofiles a re  similar fo r both  Schemes I and  II.

R elationship of th e  D elivery Profiles to the S teady S tate Plasma 

C oncentration - Time C ourses, Z ero -o rd er DDS --  F igure 1.3 shows a 

ze ro -o rd e r re lease  ra te  profile  and  its  transform ed dura tion -dose  

profile (duration  profile) fo r a DDS given ev ery  12 ho u rs  w ith a 

th erap eu tic  window of 10 to 20 m g/L. Any DDS on cu rve  A-E will 

p rov ide a steady  s ta te  minimum concentration  equal to th e  lower limit 

of th e  window, C ^ |n = Cm.n = 10 m g/L. Any DDS located on curve 

A -F will p rovide a steady  s ta te  maximum concentration  equal to the  

u p p e r limit of the  window, C ^ax  = Cmax = 20 m g/L. The Systems 

described  w ithin th ese  boundaries have steady  s ta te  concentrations 

which lie w ithin the window w ithout reach ing  the  u p p e r o r lower 

lim its. F urtherm ore, the  DDS a t position A will p roduce a steady  

s ta te  concentration  profile which tra v e rse s  the  en tire  window,

Cm in = Cmin and  Cmax = Cm ax’ slnce l t  lies on the  in te rsec tio n  of 

cu rv es  A-E and A -F. Those system s located on do tted  line E-F  all 

have a du ra tion  equal to th e  dosage in te rv a l: T = t  = 12 h o u rs .

T hese will maintain constan t s teady  s ta te  concen trations similar to a 

continuous constan t ra te  i .v .  in fusion . Each of th ese  exam ples (A 

th ro u g h  F) a re  illu s tra ted  in Fig. 1 .4 .
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Relationship of th e  D elivery Profile to th e  S teady S tate Plasma 

C oncentration - Time C ourses; F irs t-o rd e r  DDS --  F igure 1.5 shows 

th e  delivery  profile  fo r a f ir s t-o rd e r  re lease DDS when it is given 

ev ery  12 h o u rs . U nder th e  conditions given in the fig u re  the  

re su lta n t co rre la tions w ith steady  s ta te  plasma concentration  profiles 

a re  similar to those p roduced  by ze ro -o rd e r re lease DDS. Any DDS 

located on cu rv e  A-E will p rovide C ^ |n  = Cmjn while any  DDS on 

cu rve A -F  will re su lt  in C ^ax = Cm ax. F urtherm ore, a system  a t 

point A will p roduce a s tead y  s ta te  plasma concentration-tim e course 

which tra v e rse s  th e  en tire  window since it is located on the 

in te rsec tio n  of th ese  two cu rv es  (Fig. 1 .6 ). However, unlike the 

ze ro -o rd e r DDS, th e re  a re  no f ir s t-o rd e r  system s which can provide 

constan t s tead y  s ta te  plasma concen tra tions.

Basis fo r D irect Calculation of Release Rate - Dose Profiles - -  Assume 

th a t a successfu l DDS m ust provide steady  s ta te  concen trations which 

fall w ithin a d esired  ran g e ; Cmin < Css < Cm ax. Since curve  A -F is 

associated  w ith Cmax (F igs. 1.3 and  1.5) and  A-E is associated  with

Cmin’ se ttin S Cmax = Cmax and Cm!n = Cmin aUows d irec t calculation 

of the  u p p e r and  lower dosage boundaries of th ese  ra te  constan t-dose  

p ro files. T his calculation req u ire s  values fo r th e  time of maximum 

( tmax) and minimum ( ^ j ^ )  concentration  d u rin g  each x in te rv a l.

These values can be calculated  fo r the  z e ro -o rd e r case in Scheme II 

and  approxim ated by  com puter re ite ra tiv e  techniques which solve the 

equations fo r dC ss /dt* = 0 in the th re e  rem aining cases (see section on 

D erivations) . The b isectional method used  to solve fo r tmax and tm|n



is a successive  approxim ation similar to th a t known as Regula Falsi. ^  

I t  locates a roo t of a function  by  determ ining a small in te rv a l d u rin g  

which th e  function  changes sign . T his d irec t calculation m ethod of 

boundaries  is dem onstrated  in th e  following trea tm en t.

D irect C alculations fo r D elivery  Profiles fo r Z e ro -o rd e r, Two 

Com partm ent -'- For a ze ro -o rd e r  DDS d escribed  by  Scheme I, tmjn , 

th e  time a t  which C ^ in  o ccu rs , is always d u rin g  the  period  0 to  At 

(confirm ed in D eriva tions). T h erefo re  eq . 1.9 can be used  to define 

Css  as follows:

kQ (M+l) (k 2 i ~ a )  ( e a ( At) - l ) e -aT
qss -  ------ 1------------ - ---------------[1 -  ------------------------- >]e~a tmin -

min vj. k l0  a (3 " a )  ( l - e " aT)

(k2 i - B )  (e3CAt)_1 )e -3 x
 [ ! -------------------------------

3(cr-3) ( l - e “ ^T)

w here tmin is ex p re sse d  in  term s of t*. S u b stitu tin g  Cmjn fo r C^®n 

in eq . 1.15 p rov ides kQ(min), the  minimum ze ro -o rd e r re lease  ra te , fo r 

a DDS of specified  d u ra tio n  is defined by  e q . 1.16.

(M+l) (k2 i - a )  ( e a (A t )_ 1 ) e-aT
k0 (min) = -----------------------------------[ 1 --------------------------------- ] e " a tmin

kio  a(3- ot) (1 -e -a t)

(k-zi- 3) ( e e ( A t ) _ i ) e- 3 t
-   [1 -    (1 .16)

3( cr— 3) ( l - e " 3 T )

(1 .15)

Since D = k QT = k0 [M (t) + A t], the  minimum req u ired  dose, Dmjn 

may be calculated from k0 (m in )[M (t) + A t], which follow from 

eq . 1.16:
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(M+l) (k21-a )  (e a (A t)- i)e-aT
®min “ {CminVl(Mx+At)}*{" — ■ — — ——— — [1 -  — —— — —— ] e “ a t min

k10 a (3-o) ( l - e “ aT)

(k2i - e )  (e 3(At)_1)e-3x
[ 1 ---------------------------------------------------------------------- (1 .17)

3(a-3) ( l-e " 3 T)

T hese equations re q u ire  re ite ra tiv e  com puter tech n iq u es to 

e s tab lish  th e  tru e  value fo r tmjn . Simplified equations w ere also 

developed u s in g  th e  approxim ation, tmjn  = 0, based  on th e  observation  

th a t  tmjn is close to  0 because: (1) th e  re lease  ra te  in creases  when a 

new dose is in tro d u ced  a t t* = 0 and  (2) th e  C ^ |n value calculated  

from eq . 1.15 using  the  tru e  tmjn value is g re a te r  th an  o r equal to 

th a t  approxim ated b y  se ttin g  tmjn = 0. C onsequently , e q s . 1.16 and  

1.17 can be simplified to:

(M+l) (k21- a )  (ea(A t)_1) e-ax
k0(min) =  [ 1 ------------------------------ ]

k10 a(3_a) (1 -e-ax)

(k21-3 )  ( e S(At)_l ) e -3x
----------------{ 1 -------------------------------j} (1. 18)

3(cr-3) ( 1-e -P T )

(M+l) (k21-a )  ( e a(A t)_l ) e -ax
Dmin -  {CminV i  (M x+At )}■*•{---------------------------- [ 1 ----------------------------- ]

k 10 a ( 3 - a )  ( l - e - « T )

( k 2 1 " 3 )  ( e B (A t )_ 1 )e -3 T
------------------- [ 1    ] }  ( 1 .1 9 )

3 (a -3 )  ( l - e - 3 T )

T h erefo re  th e  kQ(min) and  Dmjn values can be estim ated fo r any  

chosen d u ra tio n , T=[M(x) + At], since th e  rem aining v ariab les  In
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eq s . 1.18 and 1.19 a re  pharm acokinetic param eters  of th e  d ru g  itse lf . 

The e r ro r  is small and  always e r ro rs  on th e  safe side as shown la te r .

A pplying re ite ra tiv e  com puter techn iques to  e s tab lish  th e  t max 

va lues, su b s titu tin g  in eq . 1.10 and  apply ing  th e  condition,

^m ax “ ^m ax1 leftds to

M (k2 i - a ) ( e a ( A t ) - i )
kQ(max) =   +  e “ a t max

kj.0 a ( 0 - a ) ( l - e -ctT)

(k2 i-B )(ee (A t)_ D
-e-f^max} ( 1 . 20 )

3 ( o t - 3 ) ( l - e - 3 T )

M (k2i - a ) ( e « ( A t ) _ L)
}max = {c maxv l ( MT+A t ) } v {   + ---------------------------------- e " a t max

k 10 o (B -a)(l-e -« T )

(k21- 3) ( e e (A t)- i)
-e” Pt max} ( 1 .2 1 )

3 (o r3 )(l-e -e T )

Simplified equations w ere developed u sin g  the  approxim ation, 

tmax = ^t» based  on th e  observ a tio n s  th a t tmax is close to At since: 

(1) th e  num ber of function ing  u n its  d ecreases from (M + 1) to M a t At 

and  (2) th e  t ru e  C ^ax is le ss  th an  o r equal to th a t  approxim ated 

usin g  tmax = At. Equations 1.20 and  1.21 w ere th u s  simplified to
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M (k2i~ a )( l~ e ” a (^ t ))
k Q(max) =   +

k io  a ( B - a ) ( l - e ” aT)

(k2 i - B ) ( l - e " 3 C A t ) )

e(cr-B )(l-e-eT)
} ( 1 . 22)

H (k2i - a ) ( l - e “ a ( At))
®max = {CmaxVi (MT+At)}v{ + - — ■

M o  a ( B ~ a ) ( l _ e aT)

(k2 i-3 )( l-e -P C A t))

3 ( c r - 3 ) ( l - e - 3 T )
} (1 .23)

D irect Calculations of D elivery  Profiles fo r Z e ro -o rd e r, One 

Com partm ent - -  A pplying th e  same approach  used  fo r th e  two 

com partm ent ze ro -o rd e r  DDS, th e  minimum and maximum re q u ire d  

re lease  ra te s  and doses fo r each specific d u ra tio n  fo r a DDS which 

behaves according  to Scheme II can be d escrib ed  b y  eq s . 1.24 to 1.29 

based  on th e  com puter-calcu lated  values fo r tmjn and  tm ax:
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1 -  (eka (A t)_ i)e-kaT/( l - e " kaT)
tmin 3 ln (------------ r — .--------  T------- ) * (ka"k)

1 -  ( e k ( A t ) _ 1 ) e - k r / ( 1_ e - k T )

( e ka ( A t ) - l ) / ( l - e - k a T)
t max 3 l n (  T777T---------------- T------- ) * (ka"k )( ek ( A t ) _ ^ ) / ( i - e “kT)

( e k ( A t ) _ 1 ) e - k x

k 0 ( m i n )  = { C m i n C D x f C M + l )  -  [ L --------------------;----------------l e - ^ r a i n }
( l - e “kT)

( e k ( A t ) _ L) e - k T

Cmin 3 {CminCL(MT+At)}v{(M+l) -  [ 1 ------------------- ;------------ ] e “k tm in}
( l - e -k T )

( e k ( A t ) - i )

k 0 (max) -  {CmaxCL} * {M +  ------------   e~k t max]
(L -e “kT)

( e k ( A t ) - i )

Dmax 3 {CmaxCL(MT4-At)}v{M + ----------- ---------e - k t max)
(L -e -k T )

(1 .24)

(1 .25)

(1 .26)

(1 .27)

(1 .28 )

( 1 .2 9 )
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Simplified equations w ere also developed using  the  approxim ations 

tm| n  = 0 and  tmax = At based  on observations similar to those 

d escrib ed  fo r th e  two com partm ent ze ro -o rd e r DDS. In th is  way, 

eq s . 1.26 to  1.29 w ere simplified to eq s . 1.30 to 1.33.

( ek ( A t ) _ i ) e-k x
k0(mln) -  {CninCLHfCM+l) -  [ 1 ---------------------------- ]} (L.30)

(1 -e -k x )

( ek (A t)_ i)e-kx
»min “ {CminCL(Mx+At)}*{(M+l) -  [ 1 ------------------ ;--------- ]} (1 .31)

( 1- e - k x )

( l - e - k ( A t ) )
ko(max) = {CnaxCLHfM + ------------------- } (1 .32)

( 1-e -k x )

( l - e - k ( A t ) )
®max = {^inax^'k(MTi"At)}v {M } (1*33)

( 1- e - k x )

D irect C alculations of D elivery Profiles fo r F ir s t-o rd e r ,  Two 

Com partm ent — U sing th e  eq . 1.13, a f te r  su b s titu tin g  Cmjn and 

Cmax ^o r C ^ fn  ant* '-'max’ ^he minimum and maximum dose size fo r a 

given k , can be defined by  eq s . 1.34 and  1.35 u s in g  th e  tmjn and  

^ x  values obtained  by  com puter re ite ra tio n s .
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cminv l  r (k21“kl )
®min = t-------------}■*■{   e"k].tmi n +

kLka (ka-k t ) ( a-ki ) ( p-k! ) (1 -e-k l t>

(k21-k a)
>e Kacmin +

(k1-k a ) (o -k a )(B -ka ) ( l - e - k aT) 

(k2i - a )

(k ^ a X k a -o X B -o X l-e -o T )

(k2i-B )

e“ a tmin +

(kL-B )(k a-B )(a -3 )( l-e -3 T )

^max^l (k21”kl )
®max = t “ e 1 max +k Lka (k a-k iX or-k iX B -kO C l-e-k iT )

(k21“ka)   - —if-rmax
(k j-k a ) ( orka ) ( B-ka )(L -e-k a T) 

(k2l - a)

p - k o t  +<= « fflflY ■

e“ a tmair +max
(k].-aX ka- a X 3 - c t X l - e ” OT)

(k2i " e) ,------------------------------------ :---- e ptmax}
(k1- 3 ) ( k a-3 ) ( a - B ) ( l - e - e T )

(1 .34)

(1 .35)
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Since th e  contro lled  re lease  of d ru g  should be the rate-lim iting  s tep  

re la tiv e  to  abso rp tion  (k j  «  k a ) , tmin can be approxim ated as zero . 

How ever, tmax m ust be re ite ra tiv e ly  determ ined by com puter m ethods. 

T h e re fo re , approxim ate equations w ere not examined as su b s titu te s  fo r 

eq s . 1.34 and  1.35.

D irect Calculation of D elivery  Profiles fo r F irs t-o rd e r , One 

Com partm ent — The minimum and maximum req u ire d  doses fo r each 

f ir s t-o rd e r  re lease  ra te  co n stan t can be calculated from eq . 1.14 by 

su b s titu tin g  th e  tmjn and  t max values to give:

c minY r I
Dm i n ---------------- {-----------------------------------  e"M  train +

ki_ka (ka-k l ) (k -k 1) ( l - e -k l T)

1
-------------------------------------- e-k atmin +

(k ^ k a X k -k a X l-e -k a * )

1
-----------------------------------e- k t niin } (1 .36)

(k 1- k ) ( k a- k ) ( l - e - k x )
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^max^IUSA f • .
Dmax "  ----------- 1------------------------------ ;-------e“ Kl cmax +

k Lk a  ( k a - k ^ C k - k i X l - e - k l T )

1
-e- ^at max +

(ki~ka )(k -k a ) ( i - e  ka T) 

1

(kL-k ) (k a- k ) ( l - e " k T)
-e“k t max } ( 1 . 3 7 )

V erification of B oundary  Equations fo r D elivery Profiles b y  Comparison 

to Simulation Method - -  Typical boundaries fo r delivery  profiles 

calculated b y  eq s . 1.16 to 1.37 a re  shown in F igs. 1 .7 -1 .1 0 . Solid 

cu rv es  re p re s e n t th e  boundaries  determ ined u sin g  the  tmjn and tmax 

values. T he dashed  cu rv es  re p re se n t boundaries calculated  u sin g  th e  

approxim ate tm| n  and  tmax va lues. The da ta  po in ts w ere determ ined 

b y  the  sim ulation m ethod. In  all cases, good agreem ent betw een th ese  

th re e  m ethods v erified  th e  valid ity  of eq s . 1.16 to  1 .37. T he profiles 

determ ined w ith approxim ate tmin and  tmax values showed minor 

d ifferences com pared to  those  determ ined by  the  o th e r two m ethods. 

However, th e  d ifferences a re  small and  th e  estim ates d escribe  a 

s ligh tly  red u ced  profile  w hich is contained w ithin the  profile  described  

b y  sim ulations fo r successfu l system s.
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Since th e  equations fo r  ze ro -o rd er system s do not r e s t r ic t  d u ra tion  

(T) re la tive  to x, th is  un ique approach  can define perform ance 

specifications fo r system s of any T . F igure  1.11 shows a typ ical 

d u ra tio n  profile  fo r d u ra tio n s  up to 4 x . However, fo r an  orally  

adm inistered  DDS, a p rac tica l limit is imposed on th e  d u ra tio n  b y  th e  

g a s tro in te s tin a l tra n s it  time. The following d iscussions fo r oral 

z e ro -o rd e r  DDS will be lim ited to those system s w here x = 12 h o u rs  

and  the  d u ra tion  is less  th a n  o r equal to 2x. Any estim ated G .I. 

t ra n s it  time less  th an  24 h o u rs  can be accommodated u sin g  th e  

re su lta n t p ro files .

In  o rd e r  to b e t te r  u n d e rs ta n d  the  delivery  profiles and  the  

d u ra tion  p ro files , those fac to rs  which influence th e ir  boundaries were 

in v e s tig a te d .

Influence of Therapeutic Window on the Zero-order Duration Profiles --

As shown in Fig. 1.12, th e  d u ra tion  profile is red u ced  when th e  

th e rap eu tic  window is red u ced . T he Dmax and Dmjn fo r a DDS of 

specified  d u ra tio n  is p roportional to the  Cmax and  Cmjn as shown by  

eq s . 1.21 and  1.17. I t  was found th a t the  minimum re q u ire d  du ra tio n  

(Train) o b serv ed  on any  d u ra tion  profile was d ep en d en t upon the  

th e rap eu tic  index  ( T . I . ) ,  o r  Cmax/C mjn . T he Tmjn fo r a successfu l 

DDS increased  when th e  T . I .  was red u ced  (Table 1 .2 ) . In  add ition , 

th e  o b serv ed  Tmjn values a re  in agreem ent w ith those  p red ic ted  by

Tmin = T " ln (Cmax/C min)/k  or Tmin = T " ln (Cmax/C min>/P Provided 

that the 3 -p h ase  is predominant during t' > tmax.
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In fluence of A bsorption  on the  Z ero -O rder D uration Profiles - -  For a

lo n g -ac tin g  orally  adm inistered  DDS, re lease  should be the 

ra te-lim iting  s te p . If abso rp tion  is ra te -d e te rm in in g , the  delivery  of 

d ru g  to  th e  blood will no t be controlled  by  th e  DDS. As ind icated  in 

F ig. 1 .13, th e  d u ra tio n  profile  fo r a successfu l delivery  system  is 

red u ced  as th e  abso rp tion  ra te  co n stan t, k ft, is in creased  if kft is 

involved in th e  plasma time co u rse . When k ft is in creased , the  Tm-n 

values increase  and  th e  dose ran g e  d ecreases excep t fo r th e  unique 

case w here T , the  d u ra tio n , is equal to t  (o r its  in teg e r m ultip les). 

When T = n t, th e  maximum dose ran g e  is independen t of k a . Once k a 

in creases  beyond a c e rta in  value, fu r th e r  increase  will not change th e  

p ro file . T hen  the  p ro files a re  identical to those described  by 

eq s . 1 .18, 1.19, 1.22, and  1.23 w herein  re lease  is ra te  lim iting. Such 

a profile  re p re s e n ts  th e  b e s t goal fo r ze ro -o rd e r DDS design  since th is  

profile  is governed  by  th e  behavior of the  DDS.

Influence of D istribu tion  on th e  Z ero -O rder D uration Profiles - -  The 

influence of ap p a re n t volume of d is tr ib u tio n  was sim ulated by  

exam ining th e  e ffec t of changing  the  ^ 2 1 ^ 1 2  valu e s - As shown in 

. Fig. 1 .14, TjjjJjj is in creased  w hen th e  ^ - 2 1 ^ 1 2  r a ^ °  in creased .

The dose ran g e  fo r a DDS w ith a specified T is decreased  when 

k 2 i / k i 2 is in c reased  ex cep t fo r the  special case, T  = n x , w here the  

dose ran g e  rem ains co n stan t and  independen t of ^ 2 1 ^ 1 2 '

Influence of Elimination on th e  Z ero -O rder D uration Profiles - -  The

influence of elimination on th e  p ro d u c t specifications fo r successfu l
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deliv ery  system s was in v estig a ted  by  changing  the  values fo r to ta l 

body clearance (CL) and  biological half-life  ( t j ^ ) *

In th e  case of Scheme I, th is  was implemented b y  changing  th e  kjQ 

va lues. As th e  clearance value Increases (w ith concom itant decrease  

in h a lf - life ) , ,th e  dose and  minimum re q u ire d  d u ra tio n  also increase 

(F ig . 1 .1 5 ). However, th e  ob serv ed  re q u ire d  dose is not d irec tly  

p roportional to  th e  clearance value excep t when the  du ra tio n  is an 

in teg ra l m ultiple of t .  T his special case (T = n t) can be verified  by  

se ttin g  At = 0 in eq s . 1.17 and  1.21 to  give the  following equations.

For th e  o th e r  conditions (T  n t ) ,  bo th  the  dosage sizes and  ran g es  

a re  complicated functions of CL and  At.

The o b serv ed  in crease  in re q u ire d  dose can be explained  by  th e  

fac t th a t  th e  body elim inates the  d ru g  more rap id ly  when th e  clearance 

is in c reased . As a re s u l t ,  de livery  system s designed  fo r d ru g s  w ith 

la rg e  clearance values may re q u ire  payloads which a re  too la rg e  to  be 

inco rpo ra ted  in to  th e  device.

In c o n tra s t, th e  minimum re q u ire d  d u ra tio n  increases as the  

biological ha lf-life  d ecreases  and clearance in creases  (F ig. 1 .15). 

However, when th e  half-life  is k ep t co n stan t while in creasin g  CL (by  

changing  kjQ, k 2 j ,  and  k ^ ) ,  Tmjn is m aintained n early  constan t 

(F ig . 1 .1 6 ). T hus th e  Tmin is ap p aren tly  re la ted  to  th e  half-life  

value r a th e r  th an  to c learance.

DmTS' = CCmin><CLH ’ > (1.38)

,T=nt
max = ( c w h c j l h t )max (1.39)



The steady  s ta te  time course fo r a successfu l DDS w ith T  = T  s

will tra n sv e rse  th e  en tire  th e rap eu tic  window re su ltin g  in C®? = C *

min
C  . m in  mm

and C®®x = Cm ax. In add ition , since tmjn may be approxim ated by  

t 1 = 0 (o r x) and  tmax is approxim ately t '  = At, the  time period  

following C®®x can be approxim ated by  x - At. If th e  concentration  

time course d u rin g  t* > At is approxim ated by  m onoexponential lo ss , 

th e  maximum time fo r th is  phase  can be approxim ated by  

t j  = . C onsequently , the  minimum re q u ire d  d u ra tion

fo r a successfu l ze ro -o rd e r  DDS can be approxim ated by :

^ i n  = * - tf  t 1 -40)

T his approxim ation p rov ides a good estim ate fo r a one com partm ent

z e ro -o rd e r DDS when k fl is no t ra te  lim iting. A reasonable estim ate is

obtained  fo r a two com partm ent z e ro -o rd e r DDS, when the  model
1 1collapses to  approach  th a t of a one com partm ent model (Table 1 .3 ).

Comparison of Zero-order Duration Profiles Between One and Two 

Compartment Models - -  T he d u ra tio n  profiles fo r one and  two 

com partm ent models a re  similar in shape p rov ided  th a t  the  th e rap eu tic  

window, clearance and  dosage in te rv a ls  a re  k ep t co n stan t. The 

o b serv ed  maximum dosage size ran g es  a re  then  identical and  th e  values 

can be calculated  u sing  eq s . 1.38 and  1.39. The minimum re q u ire d  

d u ra tio n s  are  also similar b u t no t always equal. However, values used  

fo r k j 2 and  k 2 j  in th e  two com partm ent model can produce a s ligh tly  

d iffe ren t d u ra tion  profile com pared to  the  one com partm ent model.
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As o b serv ed  in Fig. 1 .17, th e  d ifference betw een a one

com partm ent model and  its  co rrespond ing  two com partm ent model (same

CL and  t - ^ )  becomes insign ifican t when kg^ becomes suffic ien tly

la rg e r  th an  kjQ. As k2 j  »  kjQ, th e  equ ilib ra tion  betw een cen tra l and

p erip h era l com partm ents becomes su ffic ien tly  fa s t to p roduce a collapse
1 1of th e  two com partm ent behavior to th a t of one com partm ent.

However, k-j^ does no t have a sim ilar e ffec t (F ig . 1 .18 ). As k-j^ 

becomes la rg e r , the  p e rip h e ra l com partm ent beg ins to behave as a 

second re se rv o ir  fo r the  d ru g .

D eterm ination of D rug C andidacy fo r  Z ero -o rd er DDS - -  I t  is both

p ru d e n t and  exped ien t to e s tab lish  a  p r io r i inform ation re g a rd in g  th e

su itab ility  of a p a rtic u la r  d ru g  fo r a DDS. Without the  b enefit of the
12c u rre n t th eo ry , N otari has  su g g ested  th a t ha lf-life  is one prim ary  

concern  fo r a  p rio ri evaluation of d ru g  candidacy . A d ru g  w ith a 

long half-life  will not re q u ire  a long ac ting  DDS. On th e  o th e r h and , 

a sh o rt half-life  d ru g  may impose technical d ifficu lties due to th e  la rge  

amount of d ru g  needed to be inco rpo ra ted  in th e  device. In add ition , 

as shown in Fig. 1.15, a sh o rt half-life  d ru g  will re q u ire  a la rg e r  

Tmin th u s  red u c in g  the  to lerance in ran g e  of acceptable  values fo r 

d u ra tio n .

In the  p rev ious d iscussions, eq . 1.40 was u sed  to estim ate 

fo r z e ro -o rd e r DDS. R ew riting th is  equation  in term s of th e  half-life  

p ro v id e s :

Tmin = * - t ^ ^ m a x / C m i n ) / 0 *693] ( 1 4 1 )
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In  addition to  e ith e r  determ ining  ^Vnin from the  d u ra tion  profiles o r 

estim ating it  from e q s . 1.40 and  1.41, Tmjn values can also be 

estim ated from p lo ts of th e  dosage form index  (D .I .)  versu s th e  DDS 

d u ra tion  (F ig . 1 .19 ). T he D .I. (as defined by  Theeuw es and  

B a y n e ^ )  is th e  ra tio  of th e  maximum to minimum steady  s ta te  plasma 

concen tra tion . T his index  re p re se n ts  th e  fluc tua tion  in the  steady  

s ta te  time course .

C urves re p re se n tin g  D .I . v s . d u ra tion  can be used  to  estim ate 

Tmin values fo r a z e ro -o rd e r  DDS which would m aintain stead y  s ta te  

levels w ithin the  re q u ire d  window fo r various biological half-life  

values. T he utilization  of th ese  cu rv es  can be achieved by  f ir s t  

choosing th e  d esired  th e rap eu tic  index . Since T . I . ,  the  chosen 

th e rap eu tic  in d ex , re p re s e n ts  the  maximum D .I. value fo r the  DDS, a 

line w here D .I . = T .I .  (paralle l to th e  x ax is) will in te rse c t the  

cu rv es  a t th e  minimum re q u ire d  d u ra tion  (Tmjn ) fo r a DDS containing 

a d ru g  of th a t  t - ^ -  All of those system s hav ing  D .I . values less  

than  or equal to  th is  T .I .  value will be accep tab le . T h e refo re , the  

g re a te r  the  portion  of th e  cu rv e  below th e  D .I . = T .I .  line , th e  w ider 

th e  ran g e  of choices and  th e  b e t te r  th e  d ru g  cand idate .

For exam ple, assum ing th a t the  th e rap eu tic  window is 10 to 20 

m g/L yields a T .I .  value of 2. Assum ing th a t  t  = 12 h o u rs , the  

in te rsec tio n  of cu rv e  A fo r t = ( x/12) = 1 h o u r and the  D .I. = 2 

line occurs a t T  = 11 h o u rs . T hus a d ru g  w ith a one h o u r half-life  

will have a Tm5„ value of 11 h o u rs . For the  o th e r ha lf-lives
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illu s tra te d , th e  Tmin values a re  10, 9, 8, and 6 ho u rs  when = 2,

3, 4, and  6 h o u rs  re sp ec tiv e ly . All of the  cu rv es  converge a t th e  

value D .I . = 1 w hich is th e  re su ltin g  ra tio  d u rin g  th e  constan t stead y  

s ta te  concen tra tions o b serv ed  when T = t

Influence of Therapeutic Window on the First-O rder Delivery Profile - -  

F igure 1.20 shows the  de liv ery  profiles fo r f i r s t-o rd e r  re lease  system s 

using  five d iffe ren t th e rap eu tic  windows. As prev iously  observed  fo r 

ze ro -o rd e r re lease , in c reasin g  the  th e rap eu tic  window increases both  

th e  dosage size and  ran g e  fo r a DDS with a specified re lease  ra te  

co n s tan t. T his in crease  in  th e  req u ired  dose is p roportional to the  

in crease  in th e  size of th e  window. However, the  maximum release 

ra te  co n stan t is d ep en d en t only upon th e  th e rap eu tic  index and 

in d ep en d en t of th e  abso lu te  values fo r Cmjn and  Cm ax-

Influence of Absorption on the First-O rder Delivery Profile --  

F igure  1.21 shows d e liv ery  profiles fo r a f i r s t-o rd e r  DDS combined 

w ith various abso rp tion  ra te  co n sta n ts . When k fl in c reases , the  

maximum release  ra te  and th e  dose ran g e  both  d ecrease . However, 

th e  p rofiles approach  a co n stan t bou n d ary  when k a becomes 

su ffic ien tly  la rg e  to  e n su re  th a t  re lease  is ra te  lim iting.

Influence of Elimination on the First-O rder Delivery Profiles - -  

F igure 1.22 shows th e  e ffec t of k , th e  elimination ra te  co n stan t, on 

th e  profiles fo r f ir s t-o rd e r  d ru g  d e liv ery . As k in c reases , the  

re q u ire d  dose in creases  while the  maximum release  ra te  constan t 

d ec reases. T his can affect th e  feasib ility  fo r design ing  a f ir s t-o rd e r



re lease  DDS in  two w ays. F irs t ,  the  dose size may become too la rge  

to  be inco rp o ra ted  in to  a single u n it when the  candidate is rap id ly  

elim inated (la rge  k ) . On th e  o th e r h an d , the  combination of a slow 

re lease  ra te  constan t and  a la rg e  dose may re su lt  in reduced  

bioavailability  owing to expulsion  from th e  G .I. t ra c t .  As illu s tra ted , 

the  maximum re lease  ra te  co n stan t fo r a candidate w ith k = 0.51 h"^ is 

0 .1  h~^. Assum ing th e  GIT is 12 h o u rs , only 70% of the  d ru g  is 

re leased  from the  DDS d u rin g  th is  time.

D efining Specifications fo r  Z e ro -o rd er DDS Design - -  The b ro ad er th e  

p ro d u c t specification goals, th e  g re a te r  is the  likelihood fo r success in 

developing a controlled  re lease  device. T here  a re  two considerations 

defined  by  the  du ra tion  p ro files: (1) du ra tion  , which is a function

of re lease  ra te ;  (2) dosage ra n g e , which governs th e  final p ro d u c t 

sizes and th e re fo re  clinical flex ib ility . If the  w idest dosage ran g e  is 

considered , maximum dose ra n g e , th en  the  maximum flex ib ility  in 

p ro d u c t size is ob tained . However, in th a t case the  DDS m ust release 

its  payload uniform ly over the  exact dosage in te rv a l ( T = t ) .

C onversely , if the w idest ran g e  fo r th e  du ra tion  is employed, then  the  

acceptable payload ran g e  is minimized. The du ra tion  profiles can be 

u sed  to reach  a compromise betw een th ese  two conflicting lim itations as 

illu s tra te d  below.

T he selection of a dosage size and  d u ra tion  fo r a twice a day  DDS 

is illu s tra ted  in F ig. 1.23. If the  maximum dose ran g e  is selected  as 

th e  p rim ary  consideration  (F ig . 1.23A ), th e  DDS will be req u ired  to
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uniform ly d e liver its  con ten ts over a period  of 12 h o u rs  w ith a re lease  

p a tte rn  such  as th a t  shown in Fig. 1.23B. A lthough maximum p ro d u c t 

size flex ib ility  is ob ta ined , th is  re s tr ic tio n  on the  re lease  p a tte rn  will 

make form ulation d ifficu lt and  also p red ispose  to clinical fa ilu re  when 

p ro d u c ts  do no t perform  w ithin th is  narrow  ran g e . On th e  o th er 

h an d , th e  w idest ran g e  of d u ra tio n , as shown in Fig. 1.23D, allows 

specifications fo r uniform  re lease  of the  e n tire  con ten ts  w ithin the 

ran g e  of 6 to  12 h o u rs . B ut th en  only a narrow  dosage ran g e  would 

be considered  as adequate  (F ig . 1 .23C ). Some compromise m ust be 

made to minimize th ese  lim itations on the  du ra tion  and dose ran g e . 

F igures 1.23E and  F re p re s e n t one such  se t of choices. H ere, a DDS 

which can uniform ly re lease  its  con ten ts w ithin 8 to  11 h o u rs  shows 

reasonab le flex ib ility  in bo th  th e  re lease  p a tte rn  and also th e  dosage 

ran g e .

T h u s , in o rd e r  to p rov ide  a b ro ad er ta rg e t  fo r DDS d esig n , the  

d u ra tio n  and  dosage ran g e  m ust be optim ized. N either of the  extrem e 

cases, i .e .  th e  w idest dosage ran g e  or d u ra tio n  ra n g e , re p re se n t the  

most feasible specifications since maximizing one ran g e  will r e s t r ic t  the  

o th e r . T he goal should p rov ide  reasonable flex ib ility  in bo th  the 

du ra tio n  and  dosage ran g e .

Since in te rsu b je c t v a riab ility  in clearance is generally  expected , 

d iffe ren t dosage sizes, ra n g e s , and  Tmin values a re  re q u ire d  in 

clinical p rac tice . An ideal DDS should prov ide the  n ecessa ry  

flex ib ility  to  accommodate all th e  p a tie n ts . The minimum d ura tion
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th e re fo re  has to  be g re a te r  than  or equal to  th e  longest req u ired  

value in a p a tien t population . As illu s tra ted  in Fig. 1.24, p a tien ts  A, 

B and  C have d iffe ren t clearance values th u s  p roducing  th ree  

d iffe ren t d u ra tio n  p ro files . Based on th ese  th re e  p ro files , a d u ra tion  

of 10 to  12 h o u rs  would sa tis fy  the  Tmin fo r all th re e  p a tien ts . For 

th is  re lease  p a tte rn , p a tien t A re q u ire s  a dose size ran g e  of 69-102 

mg, B 150-196 mg and  C 245-286 mg. The ideal payload fo r a DDS 

should  accommodate th ese  re q u ire d  dose ran g es  by  changing the  

num ber of u n its  adm in istered . As a re su lt ,  a 90 mg p ro d u c t of 10-12 

h o u r du ra tion  is one choice which p rov ides su ccessfu l th e rap y  fo r all 

th re e  p a tien ts  by adm in istering  1, 2 o r 3 doses ev e ry  12 h o u rs .

D efining Specifications fo r F ir s t-o rd e r  DDS Design - In co n tra s t to  a 

z e ro -o rd e r system , 100% deliv ery  from a f ir s t-o rd e r  system  occurs as 

time approaches in fin ity . Since t£ = - l n ( l - f ) / k j ,  the  selected  fraction  

to be re leased  d u rin g  a g iven  time in te rv a l will determ ine the  minimum 

allowable k j  value as shown in Table 1 .4 . T he minimum p rac tica l 

re lease  ra te  co n stan t will depend  upon the  frac tion  (f) selected  to be 

re leased  d u rin g  a specified  time ( t j )  and  the  re lease  ra te  constan t v s . 

dose p ro file . The selected  values can be used  to evaluate  the  num ber 

of sub jec ts  in a g roup  w hich may be tre a te d  w ith a given DDS. For 

exam ple, the  80% and  95% deliv ery  values associated  w ith t£ = 12 ho u rs  

have been en te re d  as dashed  lines in Fig. 1.22. At 95% re lease  in 12 

h o u rs , only p a tien t A may be tre a te d  w ith th e  p ro d u c t while a t 80%,

A, B and  C b u t not D may be tre a te d . In  o rd e r  to  tre a t  all four 

p a tie n ts , a k j  value of 0 .1  h~^ is req u ired  which co rresponds to only
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70% deliv ery  in  12 h o u rs . T his would p red ispose  to bioavailability  

problem s. T he determ ination of payloads and  d o sa g e 'ra n g e s  is similar 

to  th a t  d iscu ssed  u n d e r  th e  zero o rd e r  system s.
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CONCLUSIONS

A trad itio n a l solution fo r the  design  of a ze ro -o rd e r controlled 

re lease  d ru g  de livery  system  has been to  make T , th e  d u ra tio n , equal 

to  t ,  th e  dosing  in te rv a l. T h is re s tr ic tiv e  p ro d u c t specification 

re q u ire s  a DDS to  behave according  to  T  = D /k Q = t . This re p o rt 

employs clinical pharm acokinetics to define a wide ran g e  of p ro d u c t 

specifications fo r a DDS (ze ro -o rd e r  and  f ir s t-o rd e r)  which can 

p rov ide  s tead y  s ta te  concen tra tions w ithin a d es ired  ran g e  d u rin g  

rep e titiv e ly  dosing  schedu les. In add ition , th is  s tu d y  did no t apply  

any  re s tr ic tio n s  on th e  d u ra tio n  of the  delivery  system . T h e re fo re , it 

p rov ides specifications fo r a ze ro -o rd e r DDS not only when T = t , b u t 

also w hen T  < x and  T  > t  .

The de liv ery  profiles and  d u ra tio n  profiles th u s  defined provide 

th e  w idest accep tab le  ran g e  of p ro d u c t specifications. The utilization 

of th ese  theo ries  re q u ire s  the  pharm acokinetic micro ra te  con stan ts  for 

th e  d ru g  candidate  and  th e  selection of a d esired  s tead y  s ta te  plasma 

concen tra tion . In  add ition , the  theo ries  allow a p rio ri feasib ility  

assessm ent fo r design ing  a  DDS by  com parison of th e  calculated 

perform ance specifications to  the  available technology.

For a ze ro -o rd e r  DDS, th e  method p rov ides a means to  calculate 

Tm in' tlie minimum re q u ire d  d u ra tio n , fo r a DDS to be successfu l. 

F u rtherm ore , th e  method can also prov ide  inform ation on th e  maximum 

po ten tia l dosage ra n g e . T hese  two se ts  of inform ation can th en  be 

used  to  determ ine th e  su itab ility  of th e  d ru g  candidate fo r th e  DDS.



For exam ple, a sh o rt half-life  d ru g  will req u ire  a la rg e  dose size 

which may be im possible to  incorporate  in to  the  device. Also, it will 

re q u ire  a h igh  Tmjn  value close to  o r equal to t which limits th e  

flex ib ility  of th e  d u ra tio n  selection. C onsequently , it may be a poor 

cand idate . However, fo r a f i r s t-o rd e r  DDS, the  candidacy  of th e  

d ru g  can be determ ined b y  exam ining e ith e r  th e  req u ired  dose size o r 

by  com paring th e  acceptable  re lease  ra te  co n s tan t, k j ,  to the  minimum 

re q u ire d  re lease  ra te  co n s tan t. This is defined as th e  ra te  constan t 

which will re lease  a ce rta in  fraction  of the  dose d u rin g  a selected  time 

p e r io d .

Since various su b jec ts  may re p re se n t d iffe ren t pharm acokinetic 

behavior fo r a single d ru g , the  indiv idual pharm acokinetic constan ts  

used  in the  design  calculations fo r a DDS should be rep re se n ta tiv e  of 

all th e  ind iv idual p a tien t req u irem en ts . T his will r e s t r ic t  the  ran g e  of 

th e  design  of an adequate  DDS. For exam ple, d iffe ren t Tmjn values 

e x is t fo r d iffe ren t ind iv iduals when a ze ro -o rd e r  DDS is exam ined.

The ideal DDS would re q u ire  a d u ra tio n  th a t is longer th an  th e  la rg e s t 

Tmin value among a g roup  of su b jec ts . T h e re fo re , indiv idual 

pharm acokinetic d a ta  fo r a num ber of sub jec ts  which re p re se n t th e  

population a re  re q u ire d  fo r th e  d esig n . In  add ition , th e  selection of 

the  p ro d u c t specifications will also depend  on th e  p ercen tag e  of 

p a tien ts  to  be sa tis fied . Since th e  c u r re n t theo ries  provide 

inform ation on th e  ind iv idual requ irem en ts  based  on th e  delivery  

profiles and  d u ra tio n  p ro files , the  influence of p a tien t v ariab ility ,

(such  as the  in te rsu b je c t v a riab ility  in th e  clearance) can be



considered  a priori. T he ideal DDS which would accommodate th is  

v ariab ility  could th en  be defined .
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DERIVATIONS

Mathematical D erivation of B oundaries fo r D elivery Profiles U sing Two 

Compartment Z e ro -o rd er Release DDS as Example

T he s tead y  s ta te  plasma concentration  - time course  d u rin g  th e  

(M +l)kc phase  (0 £ t  < At) can be d escrib ed  b y  eq . 1.42.

1 (M+l)k0kak2i  k0ka (k2 l -k a ) (eka (At) - l ) e " ka T
c ss = -----| ---------------------------------------------- ( l -------------------------------- ) e 'kat

Vi ka o3 ka (a -k a )(p -k a ) ( l - e “ka T)

k ok a<k21-a> ( e a (A t)_ 1 )e »OT
•(1 -  — —   -----------------

a (k a-a ) (B -c t )  ( l - e-«T )

kok aCk2L~3) ( e 0 (A t)_ 1 )e -3T
■ ( 1 ------------------------------)e ” 3t  } ( 1 .4 2 )

0(ka - 0 ) ( 3 - a )  ( l - e - 0 T )

Since th e  C ^ |n  ap p ears  d u rin g  th is  ph ase , th e  f i r s t  d eriv a tiv e  of 

eq . 1.42 a t will equal to  0, i . e . ,

k oka ( k21- k a )  (e k a ( A t ) _ i ) e- k a x kQk a (k21- a )
•[1 -   ]e-k at min +  [1 -

(c rk a )(B -ka ) ( l - e -k a T) (ka-a ) (p -a )

( e a(A t)_1)e-ax  k0ka (k21-p )
■]e a tmin +  [1 -

( l - e “ aT) (ka-B)(cr-B)

( e B (A t)_ i) e-Bx

( l - e “ 0X)

T h erefo re , C ^ |n  can be e x p re sse d  as eq . 1.44 w hen t 1 in  eq . 1.42 is 

rep laced  by t j ^  and  th en  being  simplified fu r th e r  by  u sin g  th e  

re la tionsh ip  shown in eq . 1.43 and  op=(kjQ) (k 2i )  •
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1 (M+l )kQ k0 (k2 i - ct) (e « (A t) - i)e-oT
c s s  = -----{----------------------------------- ( 1 ------------------------------ Je aCmin

V! k10 ct(p-a) ( l - e " aT)

.  .  (eB<At)' 1 ). ! : ! ! . )e- e t mlnl ( i .4 4 )
B(B-a) ( l - e “ &T)

For a successfu l ze ro -o rd e r  re leased  d ru g  de livery  system , the  C ^?n 

has to be g re a te r  th an  o r equal to th e  lower limit of the  th e rap eu tic  

window, Cm in. T h e refo re ,

1 (M+l)kQ k0 (k2 i - a )  ( ea(A t)_1)e-aT
Cs s  = ----- {  -   ( l --------------------------------- ] e ~ a tmin

m̂ n k^Q a (3 ~ a )  ( l - e “ aT)

k0 (k2i - 3 )  ( e 0 ( A t ) _ i ) e-3T
( 1  > 0 ^  ( 1 .4 5 )

3(3-a) ( 1-e-PT)

C onsequently ,

(M+l)k0 k0 (k2i - a )  (e a (A t) - i)e “ aT
ko > & w L tP O * { ------------------------------------ ( L --------------------------- )e“ a tmin

k^o a (3 -a ) ( l - e " aT)

k o(k2i “ 3) ( e P (A t)- i)e “ 3x
• ( l  -  .............  )e~^t mln} (1 .46)

3( 3“ a) ( 1-e-PT)

As a re su lt ,  th e  minimum re lease  ra te  (kQ(m in)) fo r th e  successfu l 

de livery  system  with a specific du ra tion  Mt + At can be ex p ressed  by  

eq . 1.47. F u rtherm ore , since the  dose is equal to (Mt + A t)(kQ), the  

minimum req u ire d  dose fo r th ese  delivery  system s can be ex p ressed  by  

e q . 1.48.
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(M +l)k0 k 0 (k2 i ~ a )  ( e a ( A t ) _ i ) e- a x

k 0 (min) “ {Cm inViHf---------------------------------------- ( l --------------------------------- ) e " “t min
k io  a (8 ~ a )  ( l - e - 0 7 )

k 0 (k2l-B ) (eB (A t)_D e-3T
■(l -  ----------------------------------------------------------------- (1.47)

B(p-a) ( l-e -3 T )

(M+l) (k2i - a )  ( e « ( A t ) - i ) e-aT
Drain ={C,ainv lCM^ t ) } ^ { ---------------------------------- [ 1 -------------------------------

k^o a(3~a) ( l - e  aT)

(k21” 3) ( e 3CAt)_1 ) e- 3 t
{1 -  ---------------------------]e“ 3t min} (1 .4 8 )

3(cc-3) ( l - e -3 T )

To simplified th ese  two eq s , the  assum ption of tmin=0 was made and  

th e  re su lts  w ere shown b y  eq s . 1.49 and 1.50.

(M+l) (k2i - o )  (e ot(At)_1) e-oT
k0 (m in) =  [ 1 ----------------------------------- ]

k^o a(3~a) (1 -e-ax )

(k2 l ” 3) ( e 3CAt)_1 ) e -3T
[ 1 -----------------   ]} (1 .49)

3(o-3) (1 -e -B t)

(M+l) (k2i - a )  ( e o(At)_1 ) e-ax
Dmin “ (Mx+At )}* f  — [1 “ ]

kj.o a (3 -a )  ( l - e “ aT)

(k2i~ 3 )  ( e 3 (A t ) - i ) e-Bx
' [ ! ------------------   ] }  ( 1 . 5 0 )

3(cc-3) ( l - e " 3 T )

T hese simplified eq s . w ere abso rp tion  independen t since th e re  is no k_a
p re se n t in th ese  ex p ress io n s .
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On th e  o th e r h an d , th e  C ^ax  ap p ears  d u rin g  the  MkQ phase  of the 

stead y  s ta te  plasma concen tra tion  - time profile (At < t '  £  t ) .  The 

equation  d escrib es  th is  phase  is shown by eq . 1.51.

1 Mk0kak2 i  k0ka (k2 i - k a ) ( e k a ( A t) - l )
Css = ---- {----------------  +   e -k a t +

Vl ka ag ka (a -k a) ( ’3-ka ) ( l - e - k a T)

k0ka(k2i - a ) ( e a(^t ) - l ) k0ka(k21-3 )(e B (A t)- i)
- a t '  +  ----------------------------------------e - 3 t ' J  ( 1 . 5 1 )

a (k a- a ) ( 6 - a ) ( l - e - « T )  3 (ka- 3 ) ( c r  3 ) ( l - e - f5 T )

T he f ir s t  deriv a tiv e  of concen tra tion  will equal to 0 when t  = t__v sinceIllclX

it is th e  maximum concen tra tion . T h erefo re ,

koka(k21- k a ) ( e ka ( At) - l )  k0ka (k2i - a ) ( e « ( A t ) - l )
*e- kat max + ------------------------------------------- ■e“ a tmax

( o -k a ) ( 3-ka ) ( l - e - k a T) (k a- a) ( 3 -a )  ( l - e - “ T)

k 0ka (k2 i “ 3 ) ( e ^ ( A t ) _ i )

(ka- 3 ) ( o r - 3 ) ( l - e - ^ )
-e” &t max = 0  (1 .52)

As a re su lt  of mathem atical m anipulation, th e  can be ex p ressed

as eq . 1.53.

1 Mk0 k0 (k2i “ a ) ( e ° ( A t ) - i )
qss = ----- 1--------  +   e“ a tmax

max v i  kl0  a ( 3 " a ) ( l - e “ aT)

k0 (k2i - 3 )(e3 (At) - l )

0 (e -a )( l-e -3 T )
e w }  ( i - 53)

For a successfu l de livery  system , th e  C ^ |x can not exceed the  u p p e r 

limit of th e  th e rap eu tic  window, Cm ax. T h e refo re , th e  re la tionsh ip  of 

^m ax -  ^m ax ^ as sa tisfied . In  o th e r w ords,
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k Q M (k2i “ a ) ( e a CAt)-i.)
q s s  = -------1------  + -----------------------------  ■-e~a tmax

max Vl k 10 a ( 3- a ) ( l - e " « T)

' 2 l P n  e - P W }  < C max ( 1 .5 4 )
6(p -a )( l-e -P T )

T h u s ,

M (k2i - a ) ( e a ( 4 t ) - i )
ko < (c maxv l > M   +  -----------------------------------e ^ m a x

kj^o a ( 6 - a ) ( l - e “ aT)

(k2 i - 3 ) ( e P ( 4 t ) - i )
r P W }  (1 .5 5 )

3(6-a)(l-e"B T )

As a re su lt ,  th e  maximum re lease  ra te  (kQ(max)) and  th e  maximum 

dose (Dm ax) fo r th e  su ccessfu l DDS with a specific du ration  Mt + At 

can be determ ined b y  u sin g  eq s . 1.56 and 1.57.

M (k2^ - a ) ( e 0t(4 t ) - l )
k0 (max) = {CjaaxViJvf  +  ----------------------------~ “e - a t max

kL0 a ( 0 - a ) ( l - e “ aT)

(k 21- 6 ) ( e B ( 4 t ) - i )
+ --------------------------------- e- Pt max} (1 .5 6 )

B(6-a )( l-e -B T )

M (k2 i “ a ) (e ° (4 t ) - l )
®max = (CmaxV l(hT+A t)}f {--------  + ----------------------------- — e-ottmax

k10 a ( 3 - a ) ( l - e “ aT)

(k21- p ) ( e B ( A t ) - i )
rBtmax} (1 .5 7 )

0 ( B - a ) ( l - e - 3 T )
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F u rth e r  sim plification of th e se  two equations w ere made based  on the  

assum ption of t rnax = At, and  th e  simplified equations fo r kQ(max) and  

Dmax w ere shown as eq s . 1.58 and 1.59.

M (k2i~ a ) ( l - e ” a (At ))
k0 (max) -  {CnjaxViJrf  + -----------------------------

k io  a ( 3 - a ) ( l - e -otT)

(k2 i -3 ) ( l-e " P (A t) )

3 (3 -a )( l-e -e T )
} (1 .58)

M (k2i - a ) ( l - e “ a (^ t ))
® m a x  =  { C m a x ^ l ( M  t + A t ) } v { +

^10 a ( B - a ) ( l - e “ aT)

(k2 i -B ) ( l - e -e (A t) )

3 (B -a)(l-e -eT )
} (1-59)
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Table 1.1

Single Dose Plasma Concentration-Time Equations for Drug 
Delivery System s Described by Scheme I and II.

Two Compartment, F ir s t - O r d e r  DDS, S i n g l e  D ose E quation

kl kaDo , (k21" kl )  , „ (k21“ka)
C = ---------------{-------------------------------------- e-k l t  +  e"kat

V! (ka—kj_) ( cr-k )̂ ( g-kj )̂ (k i-ka)(a-ka)(g-ka)

( k 21~a) (k21"3), -a t  +  e- p t |
( k l - a ) ( k a- a ) ( S - a )  ( k i - g ) ( k a- g ) ( a - g )

One Compartment, F ir s t - O r d e r  DDS, S i n g l e  D ose E quation

kl.kaPo . .
C = ---------------{ e”k].t +

V ( k a - k ^ C k - k i )

L 1
• ' e~kat  + <»—k t  1

( k l _ ka ) ( k “k a ) (kL- k ) ( k a- k )

Two Compartment, Zero-Order DDS, S i n g l e  Dose Equation  
( 1 )  t  < T

1 kQ k0ka (k 2 i - k a ) k0ka (k2 i - o )
{ -e—kat  — g ~ c t

v i  k l 0  ka (o r k a ) ( g - k a ) a (k a- a ) ( g - a )

k0ka (k2 ^ -g )
e~  }

0(ka- g ) ( o r g )
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( 2 )  t  > T

1 k0ka (k2i - k a ) (e kaT- l )  k0ka (k21“ a ) ( e “T_1-)
C — ~  { . . . I . .................e—kâ * +  ................................................. . e~a t

V1 a(ka- a ) ( 0-ot)

koka(k21" 0)CeBT" 1)
+  ................... e —3 t j .

e(ka- 3 ) ( o - e )

One Compartment, Zero-Order DDS, S i n g l e  Dose E quation:

( 1 )  t  < T

1 kQka k0k a
C = ----- {-------  -   e _ka t  -   e “k t  J

V k  ka ( k - k a ) k (k a- k )

( 2 )  t  > T

1 k0ka ( e kaT- l )  k0ka ( e kT- l )
C = — - {------------------------- e _kat  +  —■  e~k t }

V ka ( k -k a ) k (k a- k )
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Table 1.2

Effect of Therapeutic Window on the Duration-Dose Profile 
for a Successful Zero-order Release D D S.-

T herapeu tic  Maximum Dose T .I .  ^min. (h o u rs)
Window (m g/L) R ange” (mg) P red ic ted0 O bserved”

10-15 108-162 1.5 8 .7 8 .7

20-30 216-324 1.5 8 .7 8 .7

5-10 54-108 2 6.4 6.3

10-20 108-216 2 6 .4 6 .3

5-15 54-162 3 3.1 2.9

10-30 108-324 3 3.1 2.9

ak 12=3.0 h ' 1* k 21=5.0 h " \  k 10=0.2 h ' 1, k =5.0 h ' 1, 
o=8.076 h "1 , P=0.124 h _1, ^ = 4 .5  L, x=K h o u rs .

R equired  dose size ran g e  fo r DDS w ith d u ra tion  T = m . 

CTmin = * - l n ( T . I . ) /P .
J

^m in determ ined from the  du ra tio n -d o se  p ro files.
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Table 1.3

Comparison of Tmjn Predicted Using Eq. 1.4Q to those 
Observed for One-and Two Compartment Zero-order DDS.

Aa (h"

k

b

k 12 k 21

Bb (h -1 )

k 10 0 Aa ,c
Tm in(H ours)

Bb ,c  P red ic ted 1

0.382 1 .0 1 .0 1 .0 0.382 10.2 10.9 10.2

0.191 0 .5 0 .5 0 .5 0.191 8.3 9.1 8 .4

0.293 0 .5 1 .0 0 .5 0.293 9.6 10.1 9.6

0.134 1 .0 0 .5 0 .5 0.134 6 .8 8 .8 6 .8

0.363 1 .0 3 .0 0 .5 0.363 10.1 10.2 10.1

0.114 3 .0 1 .0 0 .5 0.114 5.8 7 .0 5.9

0.410 1 .0 5 .0 0 .5 0.410 10.3 10.3 10.3

0.078 5.0 1 .0 0 .5 0.078 2.9 4 .7 3.1

aOne com partm ent: kft=10 .0 h " 1, V=4.5 L , and  t=12 h o u rs .

b Two com partm ent: k fl=10.0 h~*, V j=4.5 L, and  t=12 h o u rs . 

cTmin ob serv ed  from d u ra tio n -d o se  p ro files . 

dTmin calculated u s in g  eq . 1 .40.
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Table 1.4

Comparison of Required for F irst-order DDS which 
Release a Defined Percentage of Its Payloads in 10 and 12

Hours

% Released Minimum R equired  k j  (h~^)

lOOf T£=10 h ou rs T £=12 hours

80 0.161 0.134

85 0.190 0.158

90 0.230 0.192

95 0.300 0.250
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1: R epetitive dose stead y  s ta te  concentration-tim e profiles
fo r DDS d escrib ed  by  Scheme 1(A) and  11(B). Solid 
cu rv es  a re  p red ic ted  profiles u s in g  eq s . 1.9 - 1.14.
(o ) and  ( • )  a re  p red ic ted  values u sin g  superposition  
and  single dose equations (Table 1 .1 ) . • re p re s e n ts
z e ro -o rd e r DDS (a and  c) and  o re p re se n ts  f ir s t-o rd e r  
DDS (b  and  d ) .  Pharm acokinetic param eters u sed  :
(A) k12=3.0 h " 1, k 21=5.0 h ' 1, k 10=0.2 h _1, 
k  = 5 .0 h  V j= 4 .5 X , and  t = 1 2  h o u rs  (B) k=0 .21  h  ,
V=4.5 L, and  t=12 h o u rs . D ashed lines ( --------)
re p re se n t th e rap eu tic  window which is selected  as 10 to 
20 m g/L.
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1 .2 : T ypical re lease  ra te  con stan t-d o se  profiles fo r a
ze ro -o rd e r  o r f i r s t-o rd e r  re lease  DDS d escrib ed  by  
Scheme I. Pharm acokinetic values u sed : k j 2=3 .0  h  , 
k 2i= 5 .0  h " 1 , k 10=0.2 h  , k fi=10 h " 1, V -^4.5 L, 
an a  t=12 h o u rs . Any combination of dose and  re lease  
ra te  co n stan t w ithin th e  limit will m aintain the 
th e rap eu tic  window in  F ig. 1 .1 .
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Figure 1 .3 : Release ra te  co n stan t-d o se  profile  (a) and  transfo rm ed
du ra tio n -d o se  profile  (b ) fo r a  z e ro -o rd e r  DDS 
d escrib ed  b y  Scheme I. w ith values: k io= 3 .0  h  , 
k 2 i=5 .0  h " 1, k 10=0.2 h " 1, k ft=10 h " 1, V j=4.5 L, 
a n a  t = 1 2  h o u rs .
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co rrespond ing  DDS and  doses ind icated  in F ig. 1 .3 .
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co rresp o n d in g  DDS and  doses ind icated  in Fig. 1.5
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F ig u re  1 .7 : Release ra te  co n stan t-d o se  profile  fo r a ze ro -o rd e r  DDS
describ ed  b y  Scheme I. (o ) re p re s e n ts  profile  
p red ic ted  u sin g  re ite ra tiv e  simulation m ethod. Solid
cu rv e  (----- ) re p re se n ts  profile  p red ic ted  u sin g
eq s . 1.16, 1 .17 ,1 .20 , and  1.21. D ashed cu rv e  ( — ) 
re p re se n ts  profile p red ic ted  u sin g  e q s . 1 .18, 1 .19,
1.22, and  1.23. Pharm acokinetic param eters  u sed :

=3.0 h  , k 21=5.0 h ' 1, k 10=0.2 h ' 1, k  =10 h " 1,
4 .5  L, and  t=12 h o u rs .Vj=
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F ig u re  1 .8 : Release ra te  co n stan t-d o se  profile  fo r a ze ro -o rd e r  DDS
d escrib ed  b y  Scheme II. (o ) re p re se n ts  profile 
p red ic ted  u s in g  re ite ra tiv e  simulation m ethod. Solid
cu rv e  (------) re p re se n ts  profile p red ic ted  u sing
eq s . 1.26 - 1.29. D ashed cu rv e  ( — ) re p re se n ts  
profile  p red ic ted  u sin g  eq s . 1.30 - 1.33. 
Pharm acokinetic param eters u sed : k=0.21 h  , 
k fl=5.0 h ” , V=4.5 L, and  t=12 h o u rs .
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F ig u re  1 .9 : Release ra te  co n stan t-d o se  profile  fo r a f ir s t-o rd e r
DDS d escrib ed  by  Scheme I. (o ) re p re se n ts  profile  
p red ic ted  u s in g  re ite ra tiv e  sim ulation m ethod. Solid
cu rv e  (------) re p re s e n ts  profile  p red ic ted  u sing
e q s . 1.34 an d  1.35. Pharm acokinetic .param eters u s e d : 
k j2= 3 .0  h  , k2 j= 5 .0  h  , kjQ=0 .2  h  , k ft=10 h  , 
V j=4.5 L, an d  t=12 h o u rs .
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F ig u re  1 .1 0 : Release ra te  co n stan t-d o se  profile  fo r a f ir s t-o rd e r
DDS d esc rib ed  b y  Scheme II. (o ) re p re se n ts  profile 
p red ic ted  u sin g  re ite ra tiv e  simulation m ethod. Solid
cu rv e  (------) re p re se n ts  profile  p red ic ted  u sin g
eq s . 1.36 and  1 H37. Pharm acokinetic param eters 
u sed : k=0.21 h " 1, kft=5.0 h -1 , V=4.5 L, and  t=12 
h o u rs .
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Figure 1.11
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Release ra te  co n stan t-d o se  profile fo r a ze ro -o rd e r 
DDS d escrib ed  b y  Scheme I w ith acceptable d u ra tio n  
up  to  4 t .
kio=3 .0  h
V^=4

Pharm acokinetic param eters u s e d : 
, k 2 i= 5 .0  h  , k j 0=0 .2  h  , k fl=10 h -1

5 L, and  t=12 h o u rs .
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F ig u re  1 .1 2 : Influence of th e rap eu tic  window on th e  d u ra tio n -d o se
profile  fo r ze ro -o rd e r  DDS. T herapeu tic  window: (A) 
15 - 20 m g/L  and  (B) 10 - 25 m g/L . Pharm acokinetic 
param eters  u sed : k-.2=3 .0  h  , ko i= 5 .0  h  , 
k io=0.2  h  , k a=10 n  , V j=4.5 L, and  t=12 h o u rs .
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F igu re  1 .1 3 : Influence of ab so rp tio n  on th e  d u ra tio n -d o se  profile  
fo r z e ro -o rd e r  DDS. 1^  u sed : 0 .5  h  (- • • -)
1 .0  h "1 ( -  • -)  2 .0  h  ( ----- ) ;  and  10 h “* (------) .
Pharm acokinetic param eters  u sed : k j 2=3 .0  h  , 
k 2 j= 5 .0  h  , k 10=0-2 h  , V-|=4.5 L, and  t=12 h o u rs .
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F ig u re  1 .1 4 : Influence of d is tr ib u tio n  on th e  d u ra tio n -d o se  profile
fo r  z e ro -o rd e r  DDS. koi/k-to  use{*: 5 .0  ( ----- ) ;
1 .6 7 (- • - )  and  0 .5  (----- ) . Pharm acokinetic
param eters  u sed : k21=5.0 h  , k  =10 h  , 
kjQ=0.2 h  , V |= 4 .5 X , and  t=12 h o u rs .
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F ig u re  1 .1 5 : Influence of elimination on th e  d u ra tio n -d o se  profile
fo r z e ro -o rd e r  DDS. k^Q u sed : 0 .2  (A ); 0 .4  (B ); 
and  1 .0  (CJ h  Pharm acokinetic param eters  u sed : 
k 12=3.0 h " 1, k 2 1=5.0 h " 1, k  =10.0 h " 1, V i=4.5 L, 
and  t=12 h o u rs .
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1 .1 6 : Influence of elimination on the  d u ra tio n -d o se  profile
fo r z e ro -o rd e r DDS w ith constan t 6 va lues. 
Pharm acokinetic param eters u sed : k  =10.0 h ,
V1=4.5 L, and  t=12 h o u rs . A: k ,o = 3 .0  h ' 1, 
koj=5.0  h f ,  and  k<Q=0.2 h~*; B: k -j2= 1 4 .7  h~*
k21=5.0 h " J , and  k 10=0.5 h “J; C: k 12=42.2 h " 1,
k 21=5.0 h , and  k 10=1.2 h _1.



DD
S 

DU
RA

TI
ON

 
(H

O
U

R
S)

71

25

20

250 300 350 400 450 500 550
DOSE (mg)

F ig u re  1 .1 7 : Comparison of d u ra tio n -d o se  profiles fo r a one and
two com partm ent ze ro -o rd e r  DDS. Pharm acokinetic 
param eters  u sed : k ft=10.0 h  and  x=12 h o u rs . One
com partm ent (------) : k=0.363 h  , and  V=6.206 L.
Two com partm ent ( ------): k.j2=l -0 h ” , ko i= 3 .0  h  ,
k 10=0.5 h " 1, an d  V f A . 5  L.
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F ig u re  1 .1 8 : Comparison of d u ra tio n -d o se  profiles fo r a one and
two com partm ent ze ro -o rd e r  DDS. Pharm acokinetic 
param eters  u sed : k a = 1 0 .0  h  and  t=12 h o u rs . One
com partm ent (------) : k=0.114 h  , and  V=19.74 L.
Two com partm ent ( ------): k ]n =3 .0  h  , k 2 i=1 .0  h  ,
k 10=0.5 h " 1, and  V -^4.5 L.
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F ig u re  1 .1 9 : Dosage form index v s  d u ra tio n  of DDS fo r one
com partm ent z e ro -o rd e r DDS containing d iffe ren t 
half-lives d ru g s . Pharm acokinetic param eters u sed : 
k  =10.0 h~* V=4.5 L, and  x=12 h o u rs . H alf-lives: 
1(A ), 2 (B ), 3 (C ), 4 (D ), and  6 (E) h o u rs . Dashed 
line ( ------ ) re p re se n ts  D .I . = 2.
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F igure  1 .2 0 : Influence of th erap eu tic  window on the  re lease  ra te
constan t-dose  profiles fo r a f ir s t-o rd e r  DDS d escribed  
by  Scheme II. T herapeu tic  window: (A) 5-10 m g/L,
(B) 10-20 m g/L , (C) 15-30 m g/L, (D) 5-15 m g/L , and  
(E) 10-30 m g/L. Pharm acokinetic param eters used : 
k=0.21 h -1 , ka=5.0 h " 1, V=4.5 L, and  t=12 h o u rs .
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F igure  1 .2 1 : Influence of absorp tion  on th e  re lease  ra te
con stan t-d o se  profiles fo r a  f ir s t-o rd e r  DDS d escribed  
by  Scheme II. k_ u sed : 1 .0  h  (—  • — ) , 2 .0  h 
(— ), 3 .0  ( — - ) ,  5 .0  (—  • • — ), and  10 (-  • -) 
h  Pharm acokinetic param eters used : k=0.21 h  , 
V=4.5 L, and  x=12 h o u rs .
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F igu re  1 .2 2 : Influence of elimination on the  release ra te
co n stan t-d o se  profiles fo r a f ir s t-o rd e r  DDS described  
by  Scheme II. k  u sed : 0.11 (A ), 0.21 (B ), 0.31
(C ), and  0.51 (DJ h  Pharm acokinetic param eters 
u sed : k  =10.0 h  , V=4.5 L, and  t=12 h o u rs .
D ashed lines re p re se n t k  re q u ired  fo r  a 95%
(k=0.250 h -1 '  and  80% (k=0.134 h " 1) payloads 
re leased  d u rin g  12 h ou rs  in te rv a l.
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F igure  1 .23 : Possible specified  ta rg e ts  fo r ze ro -o rd e r DDS design .
A, C, and  E a re  th e  d u ra tion -dose  profile with 
d iffe ren t specified design  ta rg e t.  B, D, and  F are  
th e  co rrespond ing  re lease  profiles fo r ta rg e t  A, C, 
and  E, re sp ec tiv e ly . Explanations re fe r  to the  te x t.
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F igure  1 .24 : D eterm ination of DDS specifications fo r a  d ru g
candidate w ith in te rsu b jec t varia tion  on the  
du ra tio n -d o se  p ro files . A re p re se n ts  th e  
d u ra tion -dose  profiles fo r th re e  p a tie n ts . B 
re p re se n ts  th e  correspond ing  re lease  p rofiles. 
Explanations re fe r  to  the  te x t.
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SUMMARY

The clinical pharm acokinetic p ro p erties  of theophylline were used  to 

define the  req u ired  re lease  ra te s  and payloads for a controlled release 

d ru g  delivery  system  (D D S). The selected goal was to describe oral 

delivery  system s (ze ro -o rd e r and  f ir s t-o rd e r)  which would maintain 

steady  s ta te  theophylline plasma concentrations between 10 and 20 

m g/L when adm inistered ev ery  12 h o u rs . L ite ra tu re  values for 

individual pharm acokinetic param eters fo r 10 ch ild ren  and 23 adu lts  

w ere employed. The individual req u ired  dura tion -dose  profiles 

(ze ro -o rd e r DDS) and release ra te  constan t-dose  profiles ( f irs t-o rd e r  

DDS) were defined . In th e  case of ze ro -o rd e r system s, a minimum 

dura tion  of 10 ho u rs  was req u ired  to accommodate all of the  children 

and adu lts  s tu d ied . However, the  time req u ired  fo r f ir s t-o rd e r  

system s to re lease 90% of th e ir  payloads (T90) was longer than  14 

hours  fo r adu lts  and  18 h o u rs  fo r children in  o rd e r  to provide 

successfu l th e rap y  fo r all of these  p a tien ts . An ap p aren t f ir s t-o rd e r  

con tro lled -re lease  DDS having  a release ra te  constan t equal to 0.19 h   ̂

(T90 = 12 h o u rs ) , while no t ideal for ev e ry  child , was also acceptable. 

Simulations u sing  th is  DDS showed th a t th e  w orst case did not d iffe r 

s ignificantly  from the  desired  plasma concen tra tions. In addition, 

re su lts  show th a t  d iffe ren t form ulations are  req u ired  fo r the ped ia tric  

and adu lt DDS. For the  10-hour duration  ze ro -o rd e r system  and the 

12-h o u r T90 f ir s t-o rd e r  system , a un it dose size of 120 mg is 

su g g ested  fo r the  p ed ia tric  DDS and 500 mg fo r the adu lt DDS.

These re p re se n t the  smallest theophylline payloads.
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INTRODUCTION

The clinical pharm acokinetic p ro p ertie s  of a candidate fo r a 

controlled release d ru g  delivery  system  (DDS) can be employed to 

define, a p r io r i, the  re lease ra te s  and payloads req u ired  to achieve 

th e  p ro d u c t goals. ^ The feasib ility  fo r success can be assessed  by 

com paring th ese  calculated specifications to  w hat is possible u sing  

available technology. This approach  p rov ides a basis  fo r estab lish ing : 

(1) w hether o r not the  d ru g  is a good candidate fo r incorporation  in 

the  proposed d ru g  delivery  system ; (2) th e  la rg e s t possible ran g e  of 

acceptable p ro d u c t specifications; (3) w hether o r not it is technically  

feasible to achieve specifications w ithin th is  ran g e , and (4) an ideal 

p a tte rn  to be used  as a re fe ren ce  fo r the  evaluation of p ro d u ct 

perform ance.

Theophylline was selected to illu s tra te  the  application of the 

p rev iously  developed th eo ry  to a specific d r u g .  ̂ Theophylline clinical 

pharm acokinetics and  pharm acology in hum ans, to g e th e r w ith the 

rationale fo r employing susta ined  release form ulations, have been
O O

review ed. * In  addition to the fact th a t  ex tensive  clinical 

pharm acokinetic data  have been rep o rted  in hum ans, theophylline is 

also a d ru g  w ith a w ell-docum ented, narrow , th e rap eu tic  window.

This window, combined w ith h igh in te rp a tie n t variab ility  in clearance, 

necessita tes  carefu lly  m onitored adm inistration w ith individualized 

dosage fo r safe and  effective th e ra p y .^  Theophylline th e re fo re  

co n stitu tes  a challenging candidate fo r application of th is  th eo ry  since
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th e  req u ired  pharm acokinetic data a re  known b u t th e  p roduct 

specifications m ust take in to  account a narrow  th erap eu tic  window and 

a need fo r variable dosage requ irem en ts betw een p a tien ts .

The selected goal fo r th is  com puter-designed  d ru g  delivery  system  

is to maintain s te a d y -s ta te  plasma theophylline concentrations w ithin 

the  th erap eu tic  window u sing  a m aintenance dosage in te rv a l of 12 

h o u rs . The specifications a re  based  on two populations, ad u lts  and 

ch ild ren , because of the  well recognized h ig h er clearance values in 

ch ild ren  rela tive  to a d u lts .^  R esu lts will th e re fo re  be in th e  form of 

two d iffe ren t se ts  of p ro d u c t specifications.



THEORETICAL SECTION

83

T h e  tim e c o u r s e  fo r  th e  c o n c e n tr a tio n  (C ) o f  th e o p h y llin e  in  p lasm a
CO

fo llo w in g  ra p id  in tr a v e n o u s  a d m in istra tio n  h a s  b e e n  d e s c r ib e d  b y :

C = A e~a t  + B e " ^  ( 2 .1 )

T h e r e fo r e , Schem e I ca n  b e  u s e d  to  r e p r e s e n t  th e  o ra l ad m in istra tio n  

o f  a d r u g  d e l iv e r y  s y s te m  (D D S ) w h ich  r e le a s e s  th e o p h y llin e  w ith  

e ith e r  a z e r o -o r d e r  (Icq) o r  f ir s t - o r d e r  (k ^ ) r e le a s e  r a te  c o n s ta n t .

DRUG IN kl  (F ir s t -O r d e r )
CONTROLLED ------------------------------►
RELEASE DDS Uq (Z ero-O rder)

DRUG
DISTRIBUTION “

12

C21

DRUG
DISSOLVED IN 
G .I . FLUIDS

(A b sorp tion )

DRUG IN 
BLOOD

*10 (E lim in a tio n )

EXCRETION AND 
METABOLISM

Schem e I

T h e  s t e a d y - s ta t e  p lasm a c o n c e n tr a t io n  - tim e c o u r se  e q u a tio n s  fo r  

th e o p h y llin e  from  a z e r o -o r d e r  DDS are
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1 (M+l)k0kak2 l  k0ka(k21-ka > (eka<At)_1 )e - k a x
Cs s  {-------------------------------------------------- ( ] . ------------------------------ ) e-k at

VL ka ag ka (a-ka )(B-ka ) ( I - e _kaT)

koka(k2 l - a )  ( e a ( A t ) _ 1 ) e - a T ) k0ka (k21-3 )
( 1 ------------------------)e- a t ---------------------------(1 -, - a t '

«(ka -« )(3 -a )  ( l - e-«T) B(ka-p)(or-3)

( e 3(At)_1 )e -3T)

( l - e-3T) 

w here 0 < t '  < At and

)e "3 t } (2 . 2 )

1 MkQkak2 l k0ka (k21-k a )(eka<A t)-i)
Cs s  {---------------  +  e- k a t . +

V1 ka a3 ka ( a"ka ) ( 3“ka ) ( l “e”kaT)

koka ( k2 1 " « ) (e a (A t) - l )  . koka ( k2 i “ 3 )(e 3 (A t ) - i )
  e - a t  +  e -P t '}  (2 .3 )

a(ka - a ) ( 3 - a ) ( l - e - a T )  3(ka- 3 ) ( a - 3 ) ( l - e " 3 f )

w here At < t 1 < t  and  M and At a re  defined by

T = M(t ) + At (2 .4)

The duration  (T) of the  DDS can be calculated from T  = D /kg w here D 

is the  dose. Then M is th e  in teg e r ra tio  betw een d u ra tion  and  the 

dosing in te rv a l ( t ) ,  M = IN T (T /t) ,  and the rem aining d ifference, At, 

has the  limits 0 < At < x .

In co n tra s t, a single equation describes th e  s te a d y -s ta te  

concentration fo r a f ir s t-o rd e r  release DDS.



c ss = ------ _ r _ | ------------------------- e-k i t ' +
Vi (ka-k L ) ( a-kj.) ( g-kj. ) ( l - e - kL T)

(k2l - k a ) _k ,
-e Kau +

(k L- k a ) ( cHca ) ( p-ka ) ( l - e -* a T )

(k2 i" a )

(kj^-a) (k a~ a ) ( 3~a) ( l - e “ aT) 

(k21- p )  

(k ]_-B )(ka- $ ) ( a - g ) ( l - e “ ^T)

at* +

ftt*1-e } (2 .5 )

5-7By using  th e  rep o rted  pharm acokinetic param eters fo r theophylline 

in these  s te a d y -s ta te  equations, profiles rep re se n tin g  the  acceptable 

du ra tion  of the  DDS v e rsu s  the dose fo r a ze ro -o rd e r DDS and the  

release ra te  constan t v e rsu s  the dose fo r a f ir s t-o rd e r  DDS can be 

e s ta b lish e d . *

D uration-D ose Profiles fo r a Z ero-O rder Release Theophylline DDS --  

The boundaries fo r th e  region of acceptable p ro d u c t specifications fo r 

successfu l ze ro -o rd e r re lease  d ru g  delivery  system s can be determ ined 

by  eq s. 2 .6  and  2 .7 .

(M+l) (k2 i - a )  (e a U t ) - i ) e-ax
Dmin = (CminV1 (MT+At)}Tf— ------------------------------ [ 1 -------------------------------- ] e “ «tm in

k 10 a ( g -a )  ( 1 - e - a t )

(k 2 i - g )  ( e 3 (A t)_ 1 )e -gT
[1 -    -----------------------] e“ ^^min} ( 2 . 6 )

3(or-3) ( l - e " 3 T )
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M (k 2 i- a ) ( e 0t̂ t ) - l )
“ max -tC m ax''l(H ^“ )J*{--------  +------ ------ — — — -----

klO a (B -a )( l-e  aT)

(k2i-8 ) (e P (A t) - i)
-e -e tmax} (2 .7 )

3(cr-8)( l-e -BT)

w here tm-n and tmax a re  th e  times of minimum and maximum 

s te a d y -s ta te  plasma concentration  d u rin g  a single dosing in terva l 

resp ec tiv e ly , w here 0 < t  < t . The Cmjn and Cmax values re p re se n t 

th e  plasma concentration  ran g e  desired  fo r th e  d ru g  d u rin g  th e rap y . 

These two equations can be fu r th e r  simplified to eq s. 2 .8  and 2.9 with 

the  approxim ations, tmjn = 0 and tmax = At.^

(M +l) (k2i - a )  (ea (A t)_ i)e-aT
^min = {Cmi nV^(MT+At)}v{— “ ~ ~  “ ---------------- [1 — -----------------—— — ]

kLO a(B-o) ( l - e -0lT)

(k21-B) ( e 6(At)_1 )e -3T
" 11    ]} (2 . 8 )8(ct-8) ( l - e " 3 t )

M (k21- a ) ( l - e - “(A t))
^max - { C m a x ^ l ^ i+ A t ) } * !  +  -------------------------------- -

k10 a ( 8“a ) ( l - e “ aT)

(k21- 8 ) ( l - e - 3 ( A t ) )

B ( a - B ) ( l - e ' P T )
■} (2 .9 )
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Release Rate-Dose Profiles for a First-Order Release Theophylline DDS

- - A s  rep o rted  p rev iously , * the  p ro d u c t specification boundaries for

successfu l f ir s t-o rd e r  re lease  theophylline delivery  system s can be

determ ined b y  eq s . 2 .10  and  2 . 11 .

(k21- k l )  t
Dniin = (-------------- > + {---------------------------------------------T ~ e kLtrain +

k jk a (k a -^ H crk O C B -k O a -e -fc lT )

(k21"ka) . ,
■e Kacmin +

(kL-k a ) ( orka ) ( 8-k a ) ( l - e " kaT) 

(k21- °0

(kj_-a) (ka-a )  ( B-a) ( l - e “ aT)

(k2 i - e )

(k^BXka-BXa-eXl-e-PT)

e- a t min +

•Ptmin} (2 . 10)

^max^l (k21-k l )
®max = { 7------e  ̂ max +

kl ka (ka-kj_) ( ct-k^ ) ( p-k]^) ( L-e-k l T)

(k2i - k a )

(ki~ka ) ( or-ka ) ( B-ka ) ( l - e “kaT) 

(k2 i ” a)

-p-kat +e a max T

p -a t  + c mav *max
( k i- a ) (k a-a ) ( B - a ) ( l - e -aT )

(k2 i~B)
e ^max} (2 «H )

(k^BXka-BXorBJCl-e-PT)

U sing the  approxim ation = 0, eq . 2.10 can be fu r th e r  simplified

to  eq . 2 .12. However, tmax cannot be approxim ated and  m ust be 

determ ined by  com puter re ite ra tiv e  techniques.®
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^min^l (k21-"kl )
^min = { )■*■{ ’ ' !

k ik a (k a- k !  ) ( a - k i ) ( (J-kj. ) ( l - e " kl  t>

(k21-k a)

(kl " ka ) ( cr-ka) ( 3~ka ) ( l - e “ka T)

(k2i~ a)
■ ■ +

( k i- a ) (k a~ a )(3- a ) ( l - e ~ aT)

(k2 i-B )

( kl - e ) ( ka - 3 ) ( a - 6 ) ( l - e - 3 T )
} (2 . 12)
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EXPERIMENTAL

Values fo r theophylline pharm acokinetic param eters (k-^* ^21 ' ^10 

and V j) fo r each of ten  ch ild ren , ages 1 to 5 y ears  old, rep o rted  by
C

Loughnan e t al and  those fo r each of 7 ad u lts  determ ined by
Q IQ

Kaumeier e t al and  16 ad u lts  determ ined by  Mitenko e t al w ere used  

in  the  c u rre n t s tu d y . However, due to th e  lack of rep o rted  body 

w eight inform ation in th e  Mitenko e t al, ^  s tu d y , those 16 p a tien ts  

w ere used  only in the  d iscussions of param eters th a t do not req u ire  

th e  body w eight. For param eters which req u ire  individual body 

w eights, such  as the  indiv idual req u ired  doses, data for the 7 adu lts  

and  10 ch ildren  w ere u sed .

The oral absorp tion  of theophylline in solution is known to be
O

rap id  and  complete in ch ild ren  and ad u lts . R eported  estim ates fo r kft 

(h - *) in adu lts  ran g e  from 2.9 to 8 .9  h - ^ . ^  An estim ated mean k a 

value of 2 .6  h"^ following oral adm inistration of an aqueous solution of 

choline theophylline in 6 ch ild ren  (0 .6  to 4 .5  y ears  old) was rep o rted  

by  Bolme e t §1.^® The kfl values used  in th is  s tu d y  are  2.6 h -  ̂

(ch ild ren) and 2 .9  h ”  ̂ (ad u lts ) .

Calculations a re  based  on oral adm inistration of one controlled 

release theophylline delivery  system  to each of the  ten  ch ild ren  and 

tw en ty -th ree  adu lts  ev e ry  12 h o u rs . The goal used  was to maintain 

s te a d y -s ta te  plasma theophylline concentrations (Cs s ) w ithin the 

th erap eu tic  window of 10 to  20 m g/L .^  The acceptable du ration -dose  

profiles (duration  p rofiles) rep re sen tin g  successfu l theophylline
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z e ro -o rd e r system s were determ ined using  eq s . 2.6 and 2.7 which 

calculate the  minimum and  maximum dose sizes fo r each specified 

d u ra tio n . In the  case of a f ir s t-o rd e r  theophylline DDS, the release 

ra te  constan t-dose  profiles (delivery  p rofiles) w ere defined by 

calculating the  minimum and maximum req u ired  dose sizes fo r each 

indiv idual re lease ra te  constan t using  eq s . 2.10 and 2.11. For th e  16 

ad u lts  s tud ied  by  Mitenko e t §1,^® th e  absolu te values fo r the  volume 

of th e  cen tra l com partm ent (V^ in L) cannot be determ ined since the 

body w eights fo r these  p a tien ts  w ere not rep o rted . C onsequently , the  

dose sizes calculated fo r these  p a tien ts  u sing  eq s . 2 .6 , 2 .7 , 2.10, and 

2.11  p rov ide dose p e r  u n it body w eight (m g/kg) in stead  of to ta l dose 

(m g). T h erefo re , only those seven adu lts  rep o rted  by Kaumeier e t a|® 

w ere used  in the  selection of dose size fo r th e  adu lt DDS.
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RESULTS AND DISCUSSION

As p rev iously  dem onstrated,-* the p ro d u c t specifications fo r a 

successfu l ze ro -o rd e r o r f ir s t-o rd e r  re lease system  can be defined 

u sin g  th e  observed  clinical pharm acokinetic p ro p ertie s  • of th e  d ru g  

cand idate . T h ere fo re , each d ru g  and dosage form p re se n ts  a unique 

problem  fo r th e  application of th is  approach . Theophylline was chosen 

to dem onstrate how to apply  th is  th eo ry  to the  selection of 

perform ance ch a rac te ris tic s  fo r delivery  system s employing a 12-h o u r 

dosing in te rv a l w ith a narrow  th erap eu tic  window and significant 

in te rp a tie n t v ariab ility  in clearance.

Z e ro -o rd er Release - -  The acceptable ze ro -o rd e r dura tion -dose  profiles 

fo r two of th e  ten  ch ild ren  (AP and GL) and th a t determ ined by  the 

mean pharm acokinetic param eters for those ten  ch ildren  are  shown in 

Fig. 2 .1 . In  addition, the  du ration-dose  profiles fo r each child a re  

shown in  F ig . 2 .2 . F igure 2.1 shows why profiles th a t are  defined 

u sin g  mean values of pharm acokinetic param eters cannot be used  to 

sa tisfy  th e  individual p a tie n t’s dosage requ irem en ts for theophylline. 

F igure 2.3 shows th e  acceptable d u ra tion -dose  profiles fo r two of 

seven  adu lts  (1 and  7) and  th a t determ ined by  the  mean values of the 

pharm acokinetic param eters fo r those seven ad u lts . F igure 2.4 shows 

th e  profiles fo r all of those seven ad u lts .

Each sub jec t p re se n ts  a unique profile and  each profile has a 

d iffe ren t minimum req u ired  duration  ^m in and effective dose ran g e .

The d ifferences betw een th ese  profiles a re  due mainly to in te rsu b jec t



variab ility  in clearance (C L ).  ̂ C onsequently , the  selection of delivery  

system  specifications m ust allow individualized theophylline dosing to 

p rovide successfu l th e ra p y  by  considering  each p a tie n t's  requ irem en ts.

T hese dura tion -dose  profiles a re  used  to define both  param eters of 

th e  DDS: ideal du ration  and dose size. Once these  two param eters

are  selected , th e  release ra te  is determ ined since ze ro -o rd er release 

ra te  is defined as d o se /d u ra tio n .

It is n ecessary  to es tab lish  the  Tmjn value req u ired  fo r each 

subject in  o rd e r  to determ ine the  ideal d u ra tio n . T hese ^m in values 

can be observed  in th e  d u ra tion -dose  profiles co n stru c ted  using  

eq s. 2.6 and  2.7 (F igs. 2.2 and 2.4) o r from the duration -dose  

profiles determ ined using  eq s. 2 .8  and 2.9 when absorp tion  is a 

sufficien tly  fa s t p ro cess . In addition , when absorp tion  is fa s t and 

assum ing th a t th e  steady  s ta te  plasma concentration- time course 

d u rin g  time period  of t '  £ At is approxim ately mono- exponential, the  

Tmin can be estim ated u sin g  eq . 2 .13 ,^

Tmln = t  - ( In T .I ./B )  (2.13)

w here th e  th erap eu tic  index  is defined as T .I .  = Cmax/C mjn • ^  Tables

2 .1  and 2 .2  summarize th e  ^m in values fo r ch ild ren  and ad u lts .

The ideal delivery  system  duration  should be equal to o r longer 

th an  the minimum value observed  fo r all of the  p a tien ts . F igure 2.5 

shows the  relationsh ip  betw een the  duration  and th e  percen tage of 

p a tien ts  which would receive sa tis fac to ry  th e rap y  by  combining th is
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dura tion  with an ap p ro p ria te  dose size. As seen in th is  histogram , 

the  minimum req u ired  du ra tio n  to  accommodate all of th e  p a tien ts  is 9 

ho u rs  for 7 adu lts  o r 10 h o u rs  fo r all 23 adu lts  and 10 hours for 

ch ild ren . The calculated du ra tion  fo r adu lts  is in agreem ent with the  

rep o rted  duration  of th e  ze ro -o rd e r release DDS, T heo-D ur, which was 

observed  by Spangler e t a l. to be 9.2 h o u r s . ^

The req u ired  payload depends upon the  duration  of th e  DDS.

When th e  duration  is an exact in teg e r multiple of t , the  dose size 

range  can be determ ined by  eq s . 2.14 and  2.15.

DmlET = <c mIn)<CL)(i )  (2 .14)

DmEE' = ( c maX) ( CLX ')  <2 1 5)

w here CL is the  to ta l body clearance of the d ru g  and D^T^t and 

^max* are  minimum and maximum dose sizes for a DDS with 

T = n t . Assuming all of th e  payload is abso rbed , th is  is a reliable 

indication of the  maximum dose ran g e  fo r a ze ro -o rd e r release DDS.

This is a u sefu l f ir s t  s tep  since it p rov ides la rg e s t degree of dosage 

flexibility  fo r each p a tien t. However, it would be v e ry  re s tr ic tiv e  to

use th is  ran g e  fo r th e  design  of a delivery  system  since it req u ire s

th a t the  duration  m ust be an in teg e r multiple of t .

Figure 2.6 is a h istogram  showing how the  dosage ran g es  change 

as a function of p ro d u c t du ra tio n  using  two ch ild ren  as exam ples. 

A lthough the  observed  dosage ran g es  change m arkedly as the 

du rations change, all of th ese  ran g es  fall w ithin the  maximum range



calculated from eq s . 2.14 and 2.15. As Illu s tra ted  by  pa tien t MG, the 

observed  change in dose ran g e  is not sign ifican t in some p a tien ts . In 

c o n tra s t, th is  change can be too la rge  to be ignored  (pa tien t J L ) . 

W hether th is  change in dose ran g e  as a function  of duration  is 

significant o r no t is dependen t upon the  d ru g  clearance value in a 

p a rticu la r  p a tien t. The la rg e r  the  clearance, the  more significant will 

be the  change in dose ra n g e . T h erefo re , maximum flexibility  for 

defin ing p ro d u ct specifications can only be realized  by  examining the 

duration -dose  profiles fo r the  en tire  group and not by  the  limited 

estim ate a t T = n t .  T his can be achieved as described  below.

Theophylline pharm acokinetics show a high degree  of in te rsu b jec t 

variab ility . Each p a tien t p re se n ts  a unique dosing problem .^ As 

shown by  the  du ra tio n -d o se  profiles fo r th ese  p a tien ts  (F igs. 2.2 and 

2 .4 ) , each sub jec t has an individual req u ired  dose ran g e . An ideal 

theophylline delivery  system  m ust allow clinical dosage adjustm ent to 

provide ap p ro p ria te  plasma levels for each p a tien t. Tables 2.3 and 

2.4 summarize the  indiv idual m aintenance dose ran g es  fo r both  ch ildren  

and adu lts  using  a 12 h o u r dosage in te rv a l. As seen in these  tab les, 

a 10 hour ze ro -o rd e r re lease  DDS of 120 mg p rov ides sufficient 

flexibility  to dose all of th e  ch ild ren  in th is  s tu d y . A 500 mg 10-hour 

DDS would accommodate th e  7 ad u lts . The num ber of u n its  to be 

given ev ery  12 ho u rs  to each p a tien t fo r acceptable individualization is 

also lis ted .
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Even though  the  suggested  maximum 12-h o u r m aintenance dose fo r

theophylline w ithout serum  monitoring is 300 mg fo r adu lts  whose body

w eights ran g e  from 35 to 70 kg and  450 mg fo r those with body

w eights g re a te r  than  70 k g ,-^  some p a tien ts  may req u ire  doses as h igh 
16as 1600 mg. Using the  steady  s ta te  tro u g h  and peak levels observed  

d u rin g  a m ultiple dose s tu d y  with a commercially available ze ro -o rd e r 

theophylline susta ined  release p ro d u c t, ^  11 ou t of th e  12 adu lts  

s tud ied  would req u ire  m aintenance doses ran g in g  from 280 to 1400 mg 

ev ery  12 hours to provide a steady  s ta te  plasma time course w ithin the  

window of 10 to 20 m g/L assum ing a body w eight of 70 kg  and  linear 

k inetics to  calculate the  dose.

In addition , ad u lts  usually  req u ire  a smaller dose than  children

when doses a re  normalized according to th e ir  to tal body w eigh ts.^  In

th is  s tu d y , th e  normalized dose ran g e  for ch ildren  is 6 .8  to 39.3

m g/kg while th a t fo r adu lts  is 4 .4  to 24.9 m g/kg  for 22 out of 23

sub jec ts . However, it is necessary  to design  two d iffe ren t system s,

specifically fo r ad u lts  and  ch ild ren , since the  to tal dosage ran g es  for

th ese  two groups do not overlap  (see selected  DDS ra n g e s ) .

First Order Release - -  A lthough ze ro -o rd e r re lease is considered  ideal,

prolonged action can also be achieved th ro u g h  controlled exponential
1re lease  (ap p aren t f ir s t  o r d e r ) . The release ra te  constan t-dose  

profiles fo r f ir s t-o rd e r  system s are  shown in F igs. 2 .7  (ch ild ren) and 

2 .8  (a d u lts ) . The mathematical solution for th e  duration  req u ired  for 

100% release from a f ir s t-o rd e r  system  is infin ite  time. It is th erefo re  

n ecessary  to select a p ractica l limit for the  d u ra tion . If 12 h ours  is
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selected as th e  time fo r 90% delivery , T90, the  re lease  ra te  constan t, 

k j ,  value is 0.192 h ”^. This value is ind icated  by  th e  b roken  lines in 

F igs. 2.7 and 2 .8 . As seen in Fig. 2 .7 , only 5 of th e  10 children  

would be m aintained w ithin the th erap eu tic  window (10-20 m g/L) when 

p ro p erly  dosed ev ery  12 h ours  with th is  DDS. In c o n tra s t, all 7 

adu lts  in Fig. 2 .8  would exh ib it sa tisfac to ry  concentrations tak ing  the  

ap p ro p ria te  dose of a DDS with k j  = 0.192 h -  ̂ ev e ry  12 h o u rs .

F igure 2.9 summarizes the  relationsh ip  betw een th e  p ercen tag e  of 

p a tien ts  hav ing  acceptable s te a d y -s ta te  theophylline concen tra tions and 

th e  T90 values fo r the  delivery  system s. As seen in th is  histogram , 

the  minimum T90 value req u ired  to accommodate all 7 ad u lts  is only 8 

hours  (k j  = 0.288 h "^ )an d  14 hours fo r all 23 adu lts  (k j  = 0.164 h ”*)

w hereas th a t req u ired  fo r all 10 ch ildren  is 18 h ours  (k^ = 0.128 h ”* ) . 

A DDS with a T90 value of 18 hours would deliver only 79% of the 

payload d u rin g  a 12-hour period . T his would p red ispose  the  p ro d u ct 

to bioavailability problem s since g astro in testin a l tra n s it  time may not 

be sufficien tly  long to allow adequate de livery . A lthough T90 = 12 

hours accommodated only half the ch ildren  (Fig. 2 .9 ) , simulations 

which combine th is  re lease  ra te  constan t with the  dose correspond ing  

to  each peak k^ value in Fig. 2 .7 , p rovided  s te a d y -s ta te  

concentrations w ithin o r close to the  th erap eu tic  window in all cases. 

The g rea te s t deviation was observed  fo r p a tien t GF (F ig . 2 .7 , No. 7) 

w here the  observed  s te a d y -s ta te  range  was 8 .2  to  22.9 m g/L . Of the 

two choices, T90 = 12 h o u rs  re p re se n ts  a more p rac tica l compromise 

than  T90 = 18 hours since the  observed  deviation u sin g  th e  12-hour
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T90 is small. However, ta ilo ring  the  dose size fo r a t least half th e  

sub jec ts  would become d ifficu lt due to the rela tive ly  narrow  dose ran g e  

(Table 2 .3 ).

In addition to  th e  selection of an adequate  release ra te  constan t, 

th e  u n it dose size m ust also be determ ined. The approach  used  fo r 

ze ro -o rd e r system s can also be applied to f ir s t-o rd e r  d ru g  delivery . 

The dosage ran g es  associated  with each release ra te  a re  lis ted  fo r the  

individual sub jec ts  in Tables 2.3 and 2 .4 . A lthough the individual 

dosage ran g es  d iffer fo r the  various re lease  ra te s , a 120 mg u n it size 

would accommodate all of the  children  (Table 2 .3) and  a 500 mg un it 

size all of the  ad u lts  (Table 2 .4) independen t of the  o rd e r. 

Individualization of regim ens, which is req u ired  fo r theophylline, 

would be achieved b y  adm inistering one to th re e  u n its  ev ery  12 hours 

as shown in the tab les. Theophylline serum  concentrations would have 

to be used  to  individualize the regimen fo r each p a tien t.
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CONCLUSIONS

The clinical pharm acokinetic p ro p erties  of a candidate fo r a controlled 

re lease  d ru g  delivery  system  (DDS) can be employed to define, 

a  p r io r i , the  release ra te  constan ts  and  payloads req u ired  to achieve 

the p ro d u c t goal. The application of these  methods to describe a 

theophylline DDS fo r ch ild ren  and ad u lts  has been used  to illu s tra te  

the  methodology. A lthough adu lts  usually  req u ire  less theophylline 

th an  ch ild ren , when th e  doses are  normalized according to to ta l body 

w eigh t,^  th e  re su lts  in th is  s tu d y  show th a t adu lts  req u ire  a la rg e r  

DDS payload because they  req u ire  a la rg e r  total dose of theophylline. 

This is prim arily  due to the  differences in the  to tal body w eights. In 

addition, the  p ro d u c t specifications fo r the  adu lt system  show a 

b ro ad er ran g e  of release p a tte rn s  fo r both  the  zero -o rd er and 

f ir s t-o rd e r  system s. T his is due to the  fact th a t theophylline has a 

longer biological half-life  and  reduced  clearance in adu lts  re la tive  to 

ch ild re n .

A lthough both  ze ro -o rd e r and f ir s t-o rd e r  theophylline system s for 

ch ildren  and adu lts  were described  in th is  re p o rt, the ze ro -o rd er DDS 

re p re se n ts  a b e tte r  choice fo r theophylline. The f ir s t-o rd e r  

theophylline DDS re q u ire d  a t leas t 18 hours for 90% release in children 

and  14 h ours  in ad u lts . U nder th ese  circum stances, bioavailability 

would become a prim ary limitation fo r th e  f ir s t-o rd e r  system s.

However, a ze ro -o rd er DDS of 10 hour duration  satisfied  the  

requ irem ents fo r both  ch ildren  and adu lts  and th is  re p re se n ts  a more 

reasonable choice considering  the gastro in testin a l tra n s it  time.



The theories developed fo r defin ing the  req u ired  p roduct 

specifications of controlled  release d ru g  delivery  system s using  clinical 

pharm acokinetic approach not only provide the  w idest acceptable 

p ro d u c t specifications a priori, b u t also aid in choosing the  release 

p a tte rn  goal fo r developm ent of the  DDS. F igure 2.10 shows the 

req u ired  re lease  ra te  profiles fo r both  ze ro -o rd e r and f ir s t-o rd e r  

theophylline DDS fo r ch ild ren  and ad u lts . I t  indicates th a t ze ro -o rd er 

technology is clearly  more likely to succeed and easier to achieve. 

F irs t-o rd e r  system s fo r ch ild ren  req u ire  a release ra te  constan t 

prov id ing  90% release  in 18 h o u rs . While e ith e r zero- o r f ir s t-o rd e r  

re lease  may be acceptable fo r ad u lts , ze ro -o rd er still remains the 

b e tte r  choice since it p rov ides a ran g e  of acceptable re lease ra te s  not 

observed  fo r the  f ir s t-o rd e r  case.
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Table 2.1

The Minimum Required Duration (Tmjn ) of Theophylline 
Zero-Order Release DDS for-Chlldren

P atien t (No. )a

Tmin (H ours)

P red ic ted *5 O bserved0
.1

O bserved

AP (1) 6.49 6.10 6.70

MG (2) 7.43 7.10 7.50

DN (3) 9.03 9.00 9.40

JM (4) 8.15 8 .00 8.40

EC (5) 8.15 8 .10 8.50

JC (6 ) 9.21 9.00 8 30

GF (7) 10.13 9.90 10.30

MA (8 ) 8 .20 7.90 8.30

JL (9) 9.73 9.70 10.10

GL (10) 9.50 9.40 9.80

aNum bers re fe r  to  F igure  2 .1 , in itials re fe r  to re fe ren ce  (7 ).

^C alculated u sing  = t - l n ( T . I . ) / 3 .

cO bserved  from d u ra tio n -d o se  profiles determ ined using  
eq s . 2 .5  and  2 .6 .

^O bserved  from d u ra tio n -d o se  profiles determ ined using  
eq s . 2 .7  and  2 .8 .



Table 2.2

The Minimum Required Duration of Theophylline
Zero-Order Release DDS Tor Adults

Patient®

Tm in(H ours>

P red ic ted '3 O bserved0 O bserved

1 4.65 4.20 4.80

2 3.61 3.40 4.10

3 2.94 2.40 3.30

4 5.70 5.40 5.90

5 5.69 5.50 6.00

6 7.12 6.80 7.20

7 8.43 8 .20 8.60

aNumbers re fe r  to re fe ren ce  (8 ).

^C alculated u sing  Tmjn = t - l n ( T .I . ) /P .

cO bserved  from dura tion -dose  profiles determ ined using  
eq s . 2 .5  and  2 . 6 .

J
O bserved  from dura tion -dose  profiles determ ined using  
eq s . 2 .7  and  2 .8 .
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Table 2.3

Individual 12-Hour Maintenance Dose Range for Oral 
Theophylline Delivery Systems in Children.

The Selected D rug D elivery System (DDS) R ep resen ts  One Potential 
Unit Size.

P atien t (No. ) a

Dose Range (mg) Selected DDSb

ko=D/10h
T90=12h 
^=0.19011"]

T90=18h 
L k jsO .W h '

j  (m6 ) U nits

AP (1) 88-140 99-135 92-140 120 1

MG (2) 105-161 120-153 110-160 120 1

DN (3) 150-190 (175)c 153-186 180 1.5

JM (4) 164-233 191-219 170-231 180 1.5

EC (5) 167-230 194-220 173-233 180 1.5

JC  (6 ) 196-253 (233)c 204-247 240 2

GF (7) 235-244 (230)c 230 240 2

MA (8 ) 213-306 249-288 222-301 240 2

JL  (9) 339-375 (350)c 335-359 360 3

GL (10) 363-432 (399)c 367-417 360 3

aNumbers re fe r  to  F ig .2 .1 ; In itials re fe r  to re fe ren ce  (7 ).

b Unit dose size = 120 mg/DDS.

cTaken from th e  dose a t peak k j  value.
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Table 2.4

Individual 12-Hour Maintenance Dose Range for Oral 
Theophylline Delivery Systems in Adults.

The Selected D rug D elivery System (DDS) R epresen ts  One Potential 
DDS U nit Size.

Dose Range (mg) Selected DDSa

P atien t T90=12h (mg) Units
k o=D/10h k 1=0.190h"1

1 364- 612 399- 598 500 1

2 371- 631 403- 620 500 1

3 500- 867 540- 852 750 1.5

4 499- 815 555- 791 750 1.5

5 575- 933 639- 906 750 1.5

6 629- 973 719- 932 750 1.5

7 1161-1630 1378-1525 1500 3

aUnit dose size = 500 mg/DDS
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Figure  2 .1 : D uration v e rsu s  dose profiles fo r ze ro -o rd e r delivery
system s orally  adm inistered ev e ry  12 h o u rs  to ch ild ren  
AP(1) and  GL(10). The dashed  curve  profile is th e  
profile defined by  th e  mean values of pharm acokinetic 
param eters fo r the  ten  ch ild ren  in Table 2 .1 . The 
specifications w ithin each profile prov ide s tead y  s ta te  
theophylline plasma concentrations w ithin th e  ran g e  of 
10 to  20 m g/L in the correspond ing  p a tien t.
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Figure 2 . 2 : D uration versu s dose profiles fo r z e ro -o rd e r delivery
system s orally  adm inistered ev ery  12 h ou rs  to  the  ten  
ch ild ren  in  Table 2 .1 . T he specifications w ithin each 
profile p rov ide steady  s ta te  theophylline plasma 
concen tra tions w ithin the  ran g e  of 10 to 20 m g/L in  the 
co rrespond ing  p a tien t.
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F igu re  2 .3 : D uration v e rsu s  dose profiles fo r ze ro -o rd e r delivery
system s orally  adm inistered ev ery  12 h o u rs  to adu lts  (1 
and  7 ). T he dashed  cu rv e  profile is th e  profile 
defined  b y  th e  mean values of pharm acokinetic 
p aram eters fo r th e  seven ad u lts  in Table 2 .2 . The 
specifications w ithin each profile  prov ide steady  sta te  
theophylline plasma concentrations w ithin the  ran g e  of 
10 to 20 m g/L  in the  co rrespond ing  p a tien t.
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Figure 2 . 4 : Z ero -o rd er dosage form du ra tion  versus dose profiles
fo r the  seven  adu lts  in Table 2.2 based  on a 12-hour 
dosage in te rv a l which m aintains s te a d y -s ta te  
theophylline plasma concentrations w ithin th e  ran g e  of 
10 to 20 m g/L.



5 6 7 8 9 10 11 12 13
DDS DURATION (HOURS)

Figure 2.5: The p ercen tag e  of p a tien ts  hav ing  s tea d y -s ta te  
theophylline plasma concen trations betw een 10 and 20 
m g/L as a function  of th  du ra tion  of the zero -o rd er 
de livery  system s given ev ery  12 h o u rs:

children(n=  10) ; r y x s z /jt/A  adu lts(n= 23), 
ad u lts (n = 7 ).
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F igu re  2 .6 : The ran g e  of th e  acceptable dose size as a function of
th e  d u ra tio n  of th e  ze ro -o rd e r delivery  system  given 
ev ery  12 h o u rs  as observed  in Fig. 2.2 fo r p a tien t JL  
(No. 9) and  MG (No. 2 ). Maximum ran g es  a re  
re p re se n te d  by  th e  solid b a rs  w here T  = m  and 
n = l ,2 .



RE
LE

AS
E 

RA
TE

 
CO

NS
TA

NT
 

(1
/H

O
U

R
)

112

0.5

0.4

0.3

0.2
1 0

0.1

0.0
50 150 250 350

DOSE (mg)
450

Figure 2.7: Release ra te  constan t v e rsu s  dose profiles for 
f ir s t-o rd e r  system s adm inistered orally  ev e ry  12 hours 
to  m aintain 10 - 20 m g/L s te a d y -s ta te  theophylline 
plasma concentrations in 10 ch ild ren . D ashed line 
re p re se n ts  90% release (T90) in 12 h o u rs .
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F igure  2 .8 : Release ra te  constan t v e rsu s  dose profiles for
f ir s t-o rd e r  system s adm inistered orally  ev e ry  12 hours 
to  m aintain 10 - 20 m g/L s te a d y -s ta te  theophylline 
plasma concen tra tions in 7 ad u lts . D ashed line 
re p re se n ts  90% release  (T90) in 12 h o u rs .
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F igure  2 .9 : The p ercen tag e  of p a tien ts  having  s te a d y -s ta te
theophylline plasma concentrations betw een 10 and  20 
m g/L as a  function  of th e  time req u ired  to  deliver 90% 
of the  payload (T90) following oral adm inistration of a 
f ir s t-o rd e r  system  ev e ry  12 hou rs:

ch ild ren (n= 10); E22232ZJ adults(n=23) ; 
ad u lts  (n=7).
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F igure  2 .1 0 : Comparison of the  calculated release ra te  profiles for
ze ro -o rd e r and  f ir s t-o rd e r  theophylline delivery  
system  fo r ch ild ren  (A) and  ad u lts  ( B ) : solid lines 
re p re se n t th e  ran g es  fo r ze ro -o rd e r system s w here 12 
h ours  is the  selected maximum d u ra tio n . Dashed 
cu rves re p re se n t th e  req u ired  re lease  ra te  profiles 
fo r f ir s t-o rd e r  system s. System s a re  designed  to 
m aintain s te a d y -s ta te  theophylline plasma 
concentrations betw een 10 to 20 m g/L when th ey  are  
given orally  ev ery  12 h o u rs . ( ■ • - • - )  re p re se n ts  10% 
payloads rem aining to be re leased  from the  system .
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SUMMARY

The stab ility  of cap topril in aqueous solutions was s tud ied  in the  

pH ran g e  G.6  to  8 .0  u n d e r  controlled oxygen p a rtia l p re ssu re  

(90 - 760 mmHg) w ith and  w ithout the  addition of cupric ion a t 32°C. 

The oxidative p ro d u c t, cap topril d isu lfide, was found to be the  sole 

degradation  p ro d u c t u n d e r  th ese  conditions. A change in reaction 

ra te  from f ir s t  o rd e r  to zero  o rd e r  occurs as the  captopril 

concentration  d ecreases. The concentration  a t which the  reaction  

o rd e r  changes is a function  of pH, oxygen p a rtia l p re s su re , and 

cupric  ion concentration . The ap p aren t f ir s t-o rd e r  ra te  constan ts  

show a f ir s t-o rd e r  dependency on both  th e  oxygen p artia l p re ssu re  

and  cupric  ion concentration . However, the  ap p a ren t ze ro -o rd e r ra te  

constan ts  show a f ir s t-o rd e r  dependency on oxygen p a rtia l p re ssu re  

and  a second-o rder dependency  on cupric  ion concentration . As the  

pH increases from 6 .6  to 8 .0 , the  f ir s t-o rd e r  p rocess becomes more 

predom inant. A mechanism which consists  of cupric  ion and molecular 

oxygen catalyzed oxidation is proposed to explain those observations.
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INTRODUCTION

C aptopril ( l - [  (2S )-3-M ercap to -2 -m ethy l-l-oxopropy l]-L -pro line , I)

is a po ten t and  specific inh ib ito r of the  enzyme which catalyzes the
1 0conversion of angio tensin  I to angio tensin  II. > As a re su lt  of th is  

ang io tensin -converting  enzyme (ACE) inh ib ito ry  ac tiv ity , cap topril is 

an  effective an tih y p erten siv e  ag en t. In  addition, cap topril is the  f ir s t  

non-pep tid ic  ACE inh ib ito r and  it can be adm inistered both  orally  and 

p a re n te ra lly .

^COOH 9 ° ° 0H H00C- Q
0CN CH2SH OC—CH—CHj-S—S—CHt—CH—CO

A  i i
/  CHj CĤ CH*

I II

Like all th io ls, cap topril is expected  to have some degree of
q

oxidative degradation  to form its  dim er, cap topril d isulfide ( I I ) . In 

add ition , the  amide hydro lysis  in aqueous solutions is also possib le. 

Some s tu d ies  have been perform ed to investigate  the  solution s tab ility  

of captopril.^"®  Timmins e t  a l.^  have shown th a t oxidation is the 

predom inant ro u te  of degradation  over th e  pH ran g e  of 2 to  5 .G. As 

th e  pH in creases , the  th iol oxidation becomes more and more
q

im portan t. However, p rev ious stud ies  have not controlled the  oxygen 

p a rtia l p re ssu re  above th e  head space of the  reaction  m ix ture. The 

role of oxygen was th e re fo re  not determ ined since it was variab le 

d u rin g  each reaction .
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In  o rd e r  to charac terize  the p ro g ress  of the  oxidation and  to

elucidate the  possible mechanism, stud ies  which control th e  oxygen

p a rtia l p re s su re  are  essen tia l. The c u rre n t stud ies  in v estig a te  the

oxidative mechanism of cap topril in aqueous solutions u n d e r controlled

oxygen p a rtia l p re s su re . In addition, it has been observed  th a t

cyclodextrins can form inclusion complexes w ith some compounds and
7 - 1 0stabilize them against oxidation by  molecular oxygen. T his s tu d y

also examines the  possible stabilization of captopril against oxidation 

by cyclodex trins.
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EXPERIMENTAL

A pparatus - -  The ap p ara tu s  had to sa tisfy  the  following 

requ irem en ts: ( 1) to allow th e  selection of various oxygen partia l

p re s s u re s ; (2) to m aintain constan t oxygen p artia l p re ssu re  

th roughou t an experim ent; (3) to perm it rap id  equilibrium  between the  

oxygen gas phase and  the  reaction  solution; (4) to provide convenient 

in troduction  of captopril stock  solution and sam pling. T h erefo re , the  

system  had to be a closed system  equipped w ith a gas source and 

su ffic ien t s tir r in g  to  prov ide efficient mixing betw een gas phase and 

reaction  m ix ture. A modification of th e  ap p ara tu s  used  by  Sokoloski 

and H ig u c h i^  was employed.

The following experim ental design  (Fig. 3 .1 ) was finalized using  

the  stud ies  described  la te r  in the "Selection of Experim ental M ethods". 

The 5 gallon ja r , which se rv es  as the oxygen source , was a ttach ed  to 

the  reaction vessel by p re s su re  tu b es . A th re e  way valve connected 

th e  oxygen source to th e  reaction  vessel and provided  a convenient 

p o rt to evaluate the  head space of the  reaction  vessel by  vacuum 

before in troducing  the  oxygen into th e  reaction vessel. A mechanical 

s tir r in g  un it (ACE Glass In c .,  V ineland, N .J .)  was found to a ssu re  

suffic ien t mixing betw een oxygen and  the reaction  m ix ture. The 

reaction  v esse l (a 50 mL th re e -n ec k  flask) was immersed in an 

isotherm al w ater b a th  (Haake, Model F, B erlin -S teg litz , West Germany) 

to  m aintain a  constan t tem p era tu re . Serum bottle  s to p p ers  were used  

to  provide a closed system  and to serve  as a sampling p o rt.
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High Performance Liquid Chromatograph (HPLC) Analysis - -  An HPLC

method was developed fo r the assay  of captopril (I) and its  

degradation  p ro d u c t ( I I ) . The isocratic  assay  was carried  out using  a 

liquid  chrom atograph system  (Model 332, Beckman Instru m en ts , In c ., 

Irv in e , CA) equipped  w ith a variab le w avelength u ltrav io le t de tecto r 

(Model 1040A, Hewlett P ackard , In c .,  W aldbronn, West G erm any), an 

in te g ra to r  (Model 3090A, Hewlett P ackard , I n c .) ,  re v e rsed -p h ase  C-18 

column (y-B ondapak C18, Waters A ssociates), and injection loop size of 

20 yL.

C aptopril and its  d isu lfide were assayed  in reaction  m ixtures by 

HPLC with UV detection  a t 210 nm due to the  lack of significant 

absorbance a t h ig h er w avelengths (Table 3 .1 ). The flow ra te  was 

1 mL/min. u sing  a mobile phase containing 25% acetonitrile  (Omni 

S o lv ., EM Science, G ibbstow n, N .J .)  and 75% aqueous phosphoric acid 

(0.05%). The aqueous portion  of the mobile phase was filte red  and 

degassed  before u se . T he re su lta n t chrom atographic charac te ris tics  

fo r these  compounds a re  summarized in Table 3 .1 . The ra tio  of the 

capacity  fac to rs  y ields an adequate  resolution value of 2.68. The peak 

area  versus concentration  detection ran g es  are  shown in Fig. 3 .2 .

These calibration p lots w ere p rep ared  daily u sing  fre sh  s tan d a rd  

so lu tions.

Stability-Indicating A ssay - -  F igure 3.3 shows HPLC chromatograms 

fo r samples taken  a t various times d u rin g  a reaction . These 

chrom atogram s clearly  indicate th e  conversion of peak I to peak II.
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F urtherm ore , the UV sp ec tra  taken  a t up  slope, apex, and downslope 

fo r each peak (1040A d e tec to r, Hewlett P ackard , In c .)  indicated th a t 

th ese  two peak a re  consis ten t w ith th e  sp ec tra  for each of the  two 

re fe ren ce  s tan d a rd s  (Fig. 3 .4 ).

In add ition , mass balance d u rin g  the  reactions (Tables 3.2 - 3 .4) 

ind icates th a t cap topril disulfide is the  sole degradation  p ro d u c t for 

th e  oxidation of cap topril u n d e r th ese  conditions. This mass balance 

also indicates th a t the  assay  is capable of following the  p ro g ress  of 

the reaction  and  quan tita tive ly  detecting  all the  components in the 

reac tio n .

Selection of Experimental Methods - -  Two s tir r in g  methods (magnetic 

and mechanical) were evaluated  for th e ir  ability  to provide adequate 

mixing of oxygen with th e  reaction  m ixture. The oxidation of 

captopril as a function of time, a t pH 6.62, 0 .1  M phosphate b u ffe r 

(y = 0.18) u n d e r 1 atm oxygen partia l p re s su re , 32°C, was used  to 

monitor th e  influence of th ese  two s tir r in g  m ethods. The continuous 

diffusion oxygen bubbles th ro u g h  the reaction was used  as a control. 

In itial slopes of semi-logrithm ic plots show th a t mechanical s tir r in g  

simulated the  control condition b u t m agnetic s tir r in g  did not 

(Table 3 .5 ) .

Methods for Captopril Oxidation Studies - -  The 5 gallon ja r  was f ir s t  

filled w ith w ater (Fig. 3 .1 ) . The desired  oxygen p artia l p re ssu re  was 

obtained by  displacing known volumes of w ater with high p u rity  of 

oxygen (U .S .P .,  Liquid Carbonic C o ., Chicago, IL) and n itrogen
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(AGA Gas, In c .,  C leveland, OH) th ro u g h  p o rt H. The atm ospheric 

p re ssu re  was determ ined b y  a barom eter (Springfield  In strum ent C o., 

H ackensack, N .J . )  a t the  time of p rep arin g  oxygen source. The 

oxygen p a rtia l p re ssu re  is calculated according to eq . 3 .1 .

P° 2  = p (v o ) / ( Vn )  “ PHOH ( 3 1 )

Where P O 2 , P, and  P jjq h  r e P r e s e n ^ oxygen p a rtia l p re s s u re , to tal 

p re ssu re  (barom eter re ad in g ), and sa tu ra ted  w ater vapor p re ssu re  

u n d e r the  reaction  condition; V q  and V j y  re p re se n t the  volumes of 

w ater d isplaced by  oxygen and n itrogen , respective ly .

T w enty-five m illiliters b u ffe r  solutions using  sa lts  recrysta llized  

from hot w ater to  reduce tra ce  metals (Table 3 .6 ) w ere placed in the 

50 mL th re e -n ec k  round  bottom flask . A fter evacuating  the head 

space fo r 5 m inutes a t 32+0.2°C , the  th re e  way valve was tu rn e d  to 

connect the  reaction  v esse l to the  oxygen source. The b u ffe r  solution 

was th en  equ ilib ra ted  with oxygen with s tir r in g  fo r one ho u r. One 

m illiliter of cap topril aqueous stock solution (approxim ately 5.0x10 M) 

was in troduced  in to  the reaction  m ixture th ro u g h  the  sampling p o rt 

using  a tubercu line  sy rin g e . The reaction  m ixture was p ro tec ted  from 

exposure  to  lig h t by  w rapping  the  en tire  w ater bath  and reaction 

vessel w ith aluminum foil. The pH values of reaction  m ixtures before 

and  a f te r  th e  reaction  did not show significant changes. At 

p redeterm ined  time p eriods, approxim ately 0 .8  mL samples of reaction  

m ixture w ere taken  using  a tubercu line  sy rin g e . A fter cooling,

0 .5  mL aliquots were quenched by  dilution with equal volume of 1% or 

2% phosphoric acid solution depended upon the  pH of the  reaction
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m ixture. The pH a f te r  th is  quench was approxim ately 2 to 3. For 

those s tud ies  with h ig h er in itial cap topril concen trations, quenched 

samples w ere fu r th e r  d ilu ted  to th e  concentration range of the 

calibration  cu rve  using  a m ixture of equal volumes of reaction  b u ffe r 

and  1% o r 2% phosphoric acid solution.

Influence of C upric Ion (Cu*+) - -  Various volumes (10 to 50 yL) of
_o

cupric  aceta te  stock solution (7.04x10 M) w ere mixed w ith 25 mL of
 ̂̂  “6

reaction  b u ffe r  to  provide Cu concentration  ran g in g  from 2.7x10 to

1.35x10”^ M. The reaction  was stud ied  using  the  p rocedure  described

prev iously .

Influence of O xygen P artia l P re ssu re  - -  Reactions were s tud ied  using  

various ra tios of oxygen and  n itro g en  to provide an oxygen partia l 

p re ssu re  ran g in g  from 90 mmHg to am bient. The influence of oxygen 

p a rtia l p re s su re  on the  oxidation of cap topril was examined a t 32°C 

and pH 6.62 w ith a Cu++ concentration  of 1.35x10*^ M.

Due to  th e  decreased  ra te  of oxidation of captopril u n d e r low 

oxygen p artia l p re s su re , in itial ra te  stud ies  were employed to 

charac terize  the  reaction  u n d e r these  conditions. T hree  to four 

d iffe ren t in itial concen trations of cap topril (ran g in g  from 1 .0 x10”^ to 

5.0x10”^ M) w ere u sed  in th e  s tu d ies . Loss of captopril and the 

form ation of cap topril disulfide w ere followed fo r th e  in itial 10% of the 

re a c tio n .
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Influence of pH - -  The effec ts  of pH on the  oxidation of captopril 

w ere examined from pH 6 .G to 8 .0  a t constan t ionic s tre n g th  

(y = 0 .1 8 ). The s tud ies  were perform ed u n d e r p u re  oxygen with 

C u++ concentration  of 1.35x10"® M a t 32°C.

Influence of Metal C helating A gents - -  E thylenediam inetetraacetate 

(EDTA, G. F rederick  Smith Chem. C o., Columbus, OH) and 

8 -hydroxyquinoline (A ldrich Chemical C o ., In c .,  Milwaukee, WI) a t 

concen trations of 2.80x10"^ M w ere used to examine the  influence of 

chelating  agen ts  on th e  oxidation of cap topril a t pH 6.62.

Influence of C yclodextrins - -  T h ree  cyclodextrins ( a - ,  p - , and  JT-, 

P .L . Biochemicals In c .,  Milwaukee, WI) w ere examined fo r th e ir  

possible stabilization of cap topril against oxidation by the formation of 

inclusion complexes. T h ree  conditions were employed in th is  s tu d y :

(1) A pH 6.62 b u ffe r  contain ing approxim ately 1.0x10”® M 

cyclodextrin  ( a - ,  p - , o r if-) and 1.35x10”® M Cu++ ion was 

p rep a red . Reactions w ere ca rried  ou t by th e  addition of 

cap topril in th e  usual m anner.

(2) C aptopril (5 .0x10”^ M) and cyclodextrin  (2.5x10"® M) were 

dissolved in 25 mL of 0.001 N hydrochloric acid solution and 

s tir re d  u n d e r n itrogen  a t 59.0+0.1°C o vern igh t (approxim ately 

18 h o u r s ) . A 10 mL sample of th is  cap topril-cyclodex trin  

m ixture was mixed with 15 mL of pH 6.60 0.167 M phosphate  

b u ffe r  solution to make th e  final C u++ concentration  of 

1 .3 5 x l0 ”5 M.

(3) The same experim ental p ro ced u res  described  in (2) were
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employed excep t th a t the reactions between cap topril and  the 

cyclodextrins w ere carried  ou t a t 32.0+0.1°C in stead  of 

59.0+0.1°C .
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RESULTS

Identification of Degradation Products - -  The conversion of peak I 

(cap topril) to  peak II was observed  in a series of chromatograms 

d u rin g  an experim ent (F ig . 3 .3 ). Peak II was identified  as captopril 

disulfide by  the  com parison of its  chrom atographic behavior and  its  UV 

sp ec tra  a t various positions on the  HPLC peak to th a t of the reference  

s ta n d a rd . In  addition , a m ixture of a re fe ren ce  s tan d a rd  solution of 

known peak area  of cap topril d isulfide shows only one peak a t the  

re ten tio n  time of peak II w ith the expected  peak area when mixed with 

reaction  m ix ture. The mass balance values (the  concentration of 

captopril p lus twice th e  concentration  of cap topril d isulfide) are  

summarized in Table 3 .2  to  3 .4  and illu s tra ted  in Fig. 3 .5 . For all 

conditions in th is  s tu d y , the  mass balance equals th e  initial captopril 

concentration  th ro u g h o u t th e  en tire  period  of reaction  indicating th a t 

captopril d isulfide is the  only degradation  p ro d u c t fo r captopril u n d er 

these  conditions.

Evaluation of Factors Influencing Concentration - Time Courses of 

Captopril Oxidation - -  The influence of oxygen p artia l p re ssu re , 

cupric  ion, and  in itial cap topril concentration  on the  s tab ility  of 

captopril ag a in st oxidation w ere exam ined. F igure 3 .6  shows the  loss 

of cap topril and  the form ation of cap topril disulfide as a function of 

time a t pH 6.62 u n d e r fo u r d iffe ren t oxygen p artia l p re ssu re s .

F igure 3 .7  shows th e  loss of cap topril and  and  the formation of 

cap topril d isu lfide as a function  of time a t pH 6.62, p u re  oxygen with 

four d iffe ren t concen trations of added  cupric  ace ta te .
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The influence of in itial concentration  of captopril on th e  reaction 

was examined a t pH 6.62 w ith p u re  oxygen in the  p resence  of 

1.35x10”^ M of Cu++. T he time courses for the loss of cap topril and  

th e  formation of captopril disulfide a re  shown in Fig. 3 .8 . The 

profiles in Fig. 3.8A show th a t cap topril loss is ap p aren t zero o rd e r a t 

low in itial cap topril concentrations and  when th e  h ig h er initial 

condition reactions fall below a certa in  level. In addition, the 

co rrespond ing  time courses fo r disulfide formation also appear zero 

o rd e r when the captopril concen trations are  below a certa in  level 

(F ig. 3 .8 B ) .

However, the  initial oxidation ra te  stud ies  fo r the  same ran g e  of 

cap topril concen trations u n d e r low oxygen p artia l p re ssu re s  (90 - 

125 mmHg) su g g est th a t th is  condition prov ides ap p aren t f ir s t  o rd e r 

loss. The rela tionsh ip  between initial ra te s  and initial captopril 

concen trations is shown in Fig. 3 .9 .

These re su lts  ind icated  th a t oxidation of captopril cannot be 

described  by  a simple mechanism which applies to all conditions in th is  

s tu d y . Both f ir s t-o rd e r  and  ze ro -o rd e r behayior a re  possible 

depending  upon the  experim ental conditions.

A pparen t Zero- and  F irs t-O rd e r  Rate C onstan ts as  a  Function of 

C aptopril C oncentrations - -  F igure 3.10 shows the  f ir s t-o rd e r  p lo ts of 

cap topril and  captopril disulfide fo r th e  stud ies  a t pH 6.62 containing

1.35x10"^ M Cu++ with fo u r d iffe ren t in itial captopril concentrations 

u n d e r p u re  oxygen. The profiles indicate th a t oxidation of h ig h er 

concentrations of cap topril is initially f ir s t  o rd e r. The zero -o rd er
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plots fo r th ese  same data  a re  shown In Fig. 3 .8  which indicate th a t 

a f te r  the  cap topril concentration falls below 1.80x10”^ M, the  reaction 

was ap p aren t zero o rd e r. In addition, Fig. 3.10B indicates th a t the  

formation of cap topril disulfide also follows an initial f ir s t-o rd e r  

p rocess  changing  to ze ro -o rd e r when captopril concentrations a re  low. 

T h erefo re , f ir s t-o rd e r  behavior is ev iden t a t h igh  captopril 

concentrations while ze ro -o rd e r becomes predom inant when captopril 

concentration  falls below 1.8x10"^ M u n d er th ese  conditions. The 

re su lta n t ap p aren t f ir s t-o rd e r  (k j)  and  ze ro -o rd e r (kp) ra te  constan ts 

are  summarized in Table 3 .7 .

Apparent Zero- and First-O rder Rate Constants as a Function of 

Cupric Ion Concentrations --  The p resence  of C u++ in the reaction 

m ixture was also found to change the reaction ra te  from f ir s t-o rd e r  to 

ze ro -o rd e r as shown in Fig. 3.11. The cap topril concentration a t 

which the reaction  o rd e r changes from f ir s t  to ze ro -o rd e r decrease as 

Cu++ concentration d ecreases. The re su lta n t ap p aren t f ir s t-o rd e r  and 

ze ro -o rd e r ra te  co nstan ts  fo r each Cu++ concentrations a re  summarized 

in Table 3 .8 .

Apparent Zero- and First-O rder Rate Constants as a Function of 

Oxygen Partial Pressure - -  F igure 3.12 shows the  ze ro -o rd e r and 

f ir s t-o rd e r  p lo ts fo r loss of captopril u n d e r fo u r oxygen p artia l 

p re s su re s . A change of o rd e r  from f ir s t  to  ze ro -o rd e r d u rin g  each of 

th ese  reactions was also o b serv ed . However, the  concentration  of 

captopril a t which the o rd e r  changes from f ir s t  to zero decreases as
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p re s su re  of 90 mmHg, only f ir s t-o rd e r  behavior was s tud ied  since 

in itial ra te  s tud ies  w ere u sed  because of the  slow ra te s . Table 3.9 

summaries the  re su lta n t ap p aren t f ir s t-o rd e r  and zero -o rd er ra te  

constan ts  fo r th ese  conditions.

Influence of pH and Buffer concentrations on the Oxidation of 

Captopril - -  The effect of pH on cap topril oxidation was examined 

u n d e r  p u re  oxygen in th e  p resence  of 1.35x10"^ M Cu++ a t 32°C in 

th e  pH ran g e  6 .G to 8 .0 . F igure 3.13 shows the  ze ro -o rd e r and 

f ir s t-o rd e r  p lo ts fo r the  loss of cap topril u n d e r these  conditions.

Both f ir s t-o rd e r  and ze ro -o rd e r behavior was again observed .

F igure 3.14 shows the rela tionsh ip  between pH and the th re e  p a irs  of 

ap p aren t f ir s t-o rd e r  and ze ro -o rd e r ra te  co n stan ts . In addition, the 

ap p aren t influence of b u ffe r  species on the  oxidation of captopril was 

insign ifican t (Fig. 3.14 in s e r t) .

Influence of Chelating Agents and Cyclodextrins on the Oxidation of 

Captopril - -  F igure 3.15 shows the  loss of captopril as a function of 

time w ith and  w ithout the  p resence  of chelating  agen ts  (EDTA and 

8 -h y d ro x y q u in o lin e). T he re su lts  indicated  th a t the chelating agen ts 

have completely stabilized the  cap topril.

The effect of cyclodex trins ( a - ,  3 - , and  if-) were examined u n d er 

conditions w here th e  predom inant reaction  pathw ay is zero o rd e r. The 

re su lts  a re  summarized in Table 3.10. Since the  re su lta n t ze ro -o rd er 

ra te  con stan ts  w ere similar to the  control s tu d ies , e ith e r no
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cyclodextrin -cap toprU  inclusion complexes w ere formed or th e  inclusion 

p rocess  does not p ro te c t th e  thiol group against oxidation.
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DISCUSSION

Reaction O rd er w ith re sp e c t to C aptopril - -  The oxidation of captopril 

in  th e  p resence  and  absence of added cupric  ion was found to be a 

complex reaction . R esu lts from the  stud ies  u n d e r p u re  oxygen and  in 

th e  p resence  of 1.35x10"^ M Cu++ with various in itial captopril 

concentrations show th a t th e  reaction is ze ro -o rd e r with re sp ec t to 

cap topril when its  concentration  falls below a certa in  level (Fig. 3 .8 ). 

In  c o n tra s t, the  re su lts  from the  initial ra te  s tud ies  u n d e r low oxygen 

p a rtia l p re ssu re s  su g g est a f ir s t-o rd e r  reaction with re sp ec t to 

captopril (Fig. 3 .9 ) . T h erefo re , both  zero- and f ir s t-o rd e r  reactions 

a re  possible depending  upon the  reaction conditions.

Examination of the data  in Fig. 3 .8  su g g est th a t h igh captopril 

concentrations favor reactions which initially follow f ir s t-o rd e r  k inetics 

b u t la te r  change to ze ro -o rd e r when captopril concen trations decrease 

below a minimum level (F ig. 3 .10 ). The re su lts  from stud ies  on the  

influence of oxygen p a rtia l p re s su re , cupric  ion concentration , and  pH 

also su g g est th a t a change in o rd e r occurs (F igs. 3.11 and 3 .12 ). 

Based on th ese  o bservations, the  oxidation of cap topril ap p ears  to 

follow a f ir s t-o rd e r  p rocess a t the beginning  of the  reaction  when 

cap topril concentration  is high and then  change to zero o rd e r  a t lower 

concen tra tions. The concentration  of cap topril a t which th e  reaction  

o rd e r  changes depends upon th e  reaction  conditions “SUch as oxygen 

p a rtia l p re ssu re , cupric ion concentration and pH.
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E ffects of T race  Metals on the  Oxidation of C aptopril - -  The possible

influence of tra ce  metals in  the  reaction m ixture was exam ined. The

w ater used  in p rep a rin g  th e  b u ffe r  solutions and  stock solutions of

cap topril was f ilte red  (Milli-Q2 System , Millipore C o ., B edford, MA) to

minimize th e  possible contam ination by trace  m etals. Successive

recrysta lliza tion  of b u ffe r  sa lts  from hot w ater was used  to remove the
12tra ce  m etals p re se n t in  th e  commercially available b u ffe r  sa lts .

However, re su lts  ind icated  th a t e ith e r  th e re  is no significant amount of 

tra ce  m etals in th e  sa lts  o r  the  purification  p rocess  did not remove the  

trace  m etals since no sign ifican t change in th e  oxidation ra te  was 

o b serv ed .

To fu r th e r  v erify  the  catalysis by  trace  m etals, two chelating 

agen ts  w ere added to reaction  m ix tures. As shown in Fig. 3.15, no 

reaction  was observed  in th e  p resence  of e ith e r  EDTA or

8 -hydroxyquino line. Since EDTA and 8 -hydroxyquinoline re p re se n t 

two d iffe ren t chemical ty p es  of chelating a g en ts , th is  re ta rd a tio n  of 

the  oxidation of cap topril was believed to be due to the inactivation of 

trace  m etals in th e  reaction  m ixtures and not a d irec t partic ipa tion  by 

the  ag en ts  them selves.

C upric Ion D ependency of th e  Oxidation of C aptopril - -  The 

dependency of th e  ap p a ren t f ir s t-o rd e r  and  ze ro -o rd e r ra te  constan ts  

on the  cupric  ion concentration  is shown in Fig. 3 .16. The 

f ir s t-o rd e r  ra te  constan ts  show a linear rela tionsh ip  with the 

concen tration  of added cup ric  ion (Fig. 3 .16A ). The in te rcep t in th is
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plot re p re se n ts  th e  f i r s t-o rd e r  ra te  constan t when th e re  is no added 

C u+ + . T his value is  in agreem ent w ith the  re su lts  determ ined fo r the 

cap topril oxidation in th e  absence of additional Cu + + . In co n tra s t, the

z e ro -o rd e r ra te  con stan ts  re p re se n t a more complicated relationsh ip  to 

added  C u++ (Fig. 3 .16B ). T his re la tionsh ip  can be described  by  a

addition  to  the  cupric  ion dependency fo r both  the  ap p aren t f ir s t-  and 

ze ro -o rd e r ra te  co n s tan ts , the  concentration of captopril a t which

concentration  d e c re a se s .

Oxygen D ependency of th e  O xidation of C aptopril --  F igure 3.17 

shows th e  dependency of ap p aren t f ir s t-  and ze ro -o rd e r ra te  constan ts  

on oxygen p a rtia l p re s s u re . T his indicates th a t oxygen molecules a re  

involved in the ra te  lim iting s tep  fo r both  cases in which the  

f ir s t-o rd e r  and  z e ro -o rd e r reaction  is predom inant. While th e  ra te  of 

loss of cap topril may be e ith e r  f ir s t-o rd e r  o r ze ro -o rd er with re sp ec t 

to cap top ril, it is f ir s t  o rd e r  w ith re sp e c t to [ O2 ]

Mechanism --  The autooxidation of thiols by molecular oxygen has 

been p rev iously  stud ied  and the following mechanism was proposed

seco n d -o rd er dependency since ]<q/C u ++ v e rsu s  C u++ is linear. In

reaction  changes from f ir s t-  to ze ro -o rd er decreases as the  Cu+ +

(Scheme I ) . 13' 15

K
RSH + B" ^ fcR S" + BH (3.2)

RS" + 0 2 (3 .3)

RS" + 0~2 *-RS* + C>22 (3 .4)
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2RS« ■►USSR (3.5)

2C>22 +2BH + ~ 0 2  + 2B“ + 20H" 

Scheme I

(3 .6)

Using th is  scheme and applying steady  s ta te  assum ptions fo r RS* and 

C>2 , the  reaction  ra te  law can be described  by eq. 3 .7  which p red ic ts  

a f ir s t-o rd e r  dependency on thiol concentration a f te r  the  in itial lag 

time,

w here [RSHJrp re p re se n ts  to tal thiol concen tration , K is the

equilibrium  constan t fo r s tep  3 .1 , and  [O2 3 is the dissolved oxygen

concentration . However, re su lts  in th is  s tu d y  show th a t f ir s t-o rd e r

behavior was not followed u n d er all conditions. In addition, th is

scheme cannot explain  the ra te  change from f ir s t  o rd e r to zero o rd e r

This phenomenon of o rd e r  change has also been observed  by  Cullis

e t al.l®  The ex istence of a ze ro -o rd er p rocess was rep o rted  by

Rippie and  Higuchi in th e  oxidation of 2 ,3-D im ercapto-l-propanol 
17 1R(BA L). ’ C onsequently , Scheme I cannot sa tisfy  these

o b se rv a tio n s .

A mechanism has p rev iously  been proposed for the  case w here
19heavy metal ions are  p re se n t in th e  reaction  m ixture (Scheme I I) .

d[R SH ]T /d t  = -2k2 fK [B "]/(K [B "] + [ B H ] )n 0 2 ][R SH ]T (3 .7)

RS" + M<n+1> + 

2RS* ------------ RSSR

RS» + Mn+

(3.9)

(3 .8)
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*-2M<n+1> + + O n 2

Scheme II
9 0  91Cullis e t al. and  Swan e t  al. observed  th a t the  reaction o rd e r  with

re sp e c t to thiol concen tration  is dependent upon th e  k ind of heavy 

metal ions p re se n t. A ze ro -o rd e r reaction  was observed  when copper 

and  cobalt w ere added while addition of nickel re su lted  in a f ir s t-o rd e r  

reaction . A ccording to Scheme II, when s tep  3.10 becomes 

rate-lim iting  the reaction  ra te  will become independent of thiol 

concentration  and reaction  o rd e r becomes zero with re sp ec t to thiol.

On the o th e r h and , when s tep  3 .8  becomes rate-lim iting , the  reaction  

is f ir s t-o rd e r .  In th is  s tu d y , reactions w ere f ir s t-o rd e r  when the  

cap topril concentration  was h igh  and zero -o rd er when th is 

concentration  decreased . A ccording to Scheme II, how ever, when the 

cap topril concentration  is h igh , s tep  3.10 should become rate-lim iting  

and  a ze ro -o rd e r reaction  should re su lt . T his is co n tra ry  to  the  

observed  re su lts .

A lthough the  oxidation of thiol catalyzed by heavy metal ions is 

usually  fa s te r  th an  th a t catalyzed by  molecular oxygen, th ese  two 

reactions co -ex ist when metal ions are  p re se n t. The competition by 

th ese  two pathw ays can explain  the  observations (Scheme I II ) .

ES" + C u++------------- ►RS* + C u+ (3.12)

2Cu+ + 0 2 2Cu++ + 0 22 (3.13)

RS + 0 2 * - R S »  + 0 2 (3.14)
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k 4 -9
RS + 0 2 -----------►RS* + 0 2 Z  (3.15)

k 5
2RS* ----------► RSSR (3.16)

o k 6
0 22 + 2H20 ---------- + 20H" (3.17)

Scheme III

Employing th e  steady  s ta te  assum ptions fo r C>2, the  ra te  of loss of 

cap topril can be d escrib ed  by e q . 3.18.

d [R S ~ ]/d t = - k j f R S ^ I C u ^ ]  - 2k3 [RS“ ] [ 0 2 ] (3.18)

Since the  oxidation of cuprous (C u+) to cupric  (C u+ + ) ion is known to

be th e  slow reaction  w hen the  pH of the  reaction  m ixture is
OO

in creased , reaction  3.13 can re p re se n t the rate-lim iting  step  re lative 

to  reaction  3.12. A pplying the stead y  s ta te  assum ptions fo r Cu+ + , 

eq . 3.18 can be rew ritten  as eq . 3.19.

d [R S " ] /d t  = -2k2 [C u +]2 [ 0 2 ] - 2 k g [R S "][0 2 ] (3.19)

When the  cap top ril concen tration  is small, the  con tribu tion  of the  

second term  in eq . 3.19 becomes insign ifican t and  th e  reaction  becomes 

ze ro -o rd e r w ith re sp e c t to  cap topril (eq . 3 .20 ).

d [R S " ] /d t  = -2k2 [C u+]2 [ 0 2 ] (3.20)

However, when th e  cap topril concentration  is h igh , the d irec t 

oxidation of cap topril by  m olecular oxygen becomes significant and the  

reaction  becomes f ir s t-o rd e r  w ith re sp e c t to  cap topril.

Both th e  o b serv ed  f ir s t-  and  ze ro -o rd e r ra te  co nstan ts  are  

dependen t upon cupric  ion concen tra tions. When th e  cupric  ion 

concentration  is low, th e  ra te-lim iting  s tep  fo r cupric-ion  catalyzed
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oxidation is reaction 3.12. C onsequently , the  reaction  follows a 

f ir s t-o rd e r  p rocess w ith re sp e c t to cap topril concentration  (eq . 3 .18 ). 

These f ir s t-o rd e r  ra te  constan ts  show a f ir s t-o rd e r  dependency on 

cupric  ion. In  addition , as cupric ion concentration d ecreases, the  

change in the  rate-lim iting  s tep  from reaction  3.12 to 3.13 is observed  

a t lower cap topril concen tra tions. C onsequently , th e  change in o rd e r 

was observed  a t lower cap topril concen tra tions. When the cupric ion 

concentration  was increased  to a certa in  level, the  im portance of 

reaction  3.13 as ra te-lim iting  s tep  increases and the  cupric  ion 

catalyzed oxidation becomes ze ro -o rd e r. T herefo re , th e  observed  

f ir s t-o rd e r  ra te  constan t becomes independent of cupric  ion 

concentration . When the  ze ro -o rd e r reaction  was o b serv ed , the  ra te  

law indicates a seco n d -o rd er dependency on cupric  ion concentration 

(eq . 3 .20).

The sa tu ra te d  oxygen solubility can be described  by  H enry 's  law
OO

when oxygen p re s su re  is u n d er 1 atm, [O2 3 = k fp C ^], w here [O2 ]

re p re se n ts  oxygen solubility  and  [pC^] re p re se n ts  the  oxygen p artia l 

p re ssu re  above th e  solution. A f ir s t-o rd e r  dependency on dissolved 

oxygen concentration  fo r th e  ra te  of loss of cap topril shown by 

eq s . 3.19 and  3.20 can be tra n s la ted  to f ir s t-o rd e r  dependency on 

oxygen p a rtia l p re s su re . This is the  type of behavior th a t was 

experim entally observed .

When th e  pH was increased  from 6.62 to 7 .94, the  cap topril 

concentration  a t which th e  reaction ra te  changes from f ir s t  o rd e r to
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zero o rd e r  is d ecreased . As th e  pH in creases , the  concentration  of 

th io l anion (RS- ) in c reases . C onsequently , the  d irec t oxidation of 

cap topril b y  molecular oxygen becomes more significant and competes 

more favorably  w ith cup ric-ion  catalyzed pathw ay. T h erefo re , the  

a p p a ren t f ir s t-o rd e r  p ro cess  becomes more dom inant.

Based on the  above d iscussions, Scheme III re p re se n ts  a mechanism 

which is consis ten t w ith th e  experim ental observations.
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CONCLUSION

The oxidation of cap topril to its  disulfide is the  predom inant 

deg radation  pathw ay in pH ran g e  of 6 .6  to 8 .0  with o r w ithout the 

p resence  of cupric  ion. D epending upon the  reaction  conditions, the  

p ro g re ss  of the  reaction  follows f ir s t-o rd e r  and ze ro -o rd e r k inetics 

w ith re sp e c t to cap topril. U sually, a f ir s t-o rd e r  reaction will change 

to  zero o rd e r  when cap topril concentration decreases below minimum 

value. The concentration  a t which the  o rd e r  changes is a function of 

pH, cupric  ion concen tra tion , and oxygen p artia l p re s su re . The 

ap p aren t f ir s t-o rd e r  ra te  is f ir s t-o rd e r  w ith re sp ec t to both  the 

oxygen p a rtia l p re s su re  and  cupric ion concentration . H ow ever,the 

ze ro -o rd e r ra te  p rocess shows a f ir s t-o rd e r  dependency on the oxygen 

p a rtia l p re s su re  and  a second o rd e r dependency on cupric ion 

co n cen tra tio n .

It was found th a t p rev iously  proposed  mechanisms fo r thiol 

oxidation in the  p resen ce  and  absence of heavy metal ions cannot 

adequately  describe  the  observed  re su lts . A mechanism which involves 

both  heavy  metal ion catalyzed and  d irec t molecular oxygen catalyzed 

oxidation is p roposed . T his proposed mechanism describes the 

experim ental re su lts  including the observed  change in rate-lim iting  

s tep  which occurs as a function  of reaction  conditions.

A lthough cyclodex trins have been rep o rted  to p ro tec t some 

compounds ag a in st oxidation, the  ra te  of captopril oxidation was not 

red u ced  by  a , 3 o r Jf cy c lo d ex trin . T his may be due e ith e r to
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unsuccessfu l formation of inclusion complexes o r the fact th a t inclusion 

complex formation does no t p ro tec t captopril aga inst oxidation.
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Table 3.1

HPLC analyses and chromatographic charcteristics for 
captopril and captopril disulfide

Compound
o i i r

Retention 
Time (mL)

Capacity
F acto r(k )

Detection 
Range (104M)

%cvb

C aptopril 198 5 .6 1.24 0 .1 -1 .0 1.8

C aptopril
D isulfide

198 10.9 3.32 0 .0 5 -0 .5 1 .8

aUV w avelength of maximum ab so rp tiv ity  in the  mobile phase.
l_

Coefficient of variation  is based on th e  area  u n d e r th e  peak 
from fou r rep licate  analyses of s tan d a rd  solutions containing 
15.5 yg/m L of cap topril and  8 .5  yg/m L of cap topril disulfide



Table 3.2

Mass balance for captopril oxidation at pH 6 .6 2 ,0 .1M 
phosphate buffer(//=0.18),pOo=732.9mmHg,32-C in absence

of lig h t

Time 
(m in.)

C aptopril 
(105 M)

C ap to p ril D isulfide 
(105 M)

%
Recovery®

3 18.32 0.21 98.8

10 18.09 0.25 98.0

20 17.51 0.49 97.4

30 16.41 0.74 94.3

45 16.22 1.10 97.1

61 15.02 1.55 95.5

90 13.41 2.29 94.9

120 12.04 2.92 94.3

180 9.57 4.05 93.2

240 7.19 5.29 93.7

300 3.66 6.97 92.7

360 0.95 8.39 93.4

a% R ecovery = 100x (C aptopril + 2*C aptopril D isulfide)/CapQ



Table 3.3

Mass balance fo r  cap topril oxidation a t pH 6.62, 
pOo=729mmHg, Cu— =1.35x10—M, 32- C in  absence of

lig h t.

Time
(m in.)

Captopril 
(105 M)

CaptopriL Disulfide 
(105 M)

%
Recovery®

2 31.52 1.17 98.9

15 30.20 1.93 99.5

30 27.42 2.97 97.5

50 24.29 4.63 98.0

70 21.28 6.08 97.7

90 18.31 7.62 98.1

120 14.34 9.35 96.6

150 11.37 11.49 100.4

180 7.64 12.98 98.2

210 5.13 15.25 104.5

270 — 17.03 99.5

a% R e c o v e r y  = 100 x (C a p to p r il + 2 x C a p to p r il D isu lfid e )/C a p Q



Table 3.4

Mass balance fo r cap topril oxidation a t  pH 6 .62 , 
p 0 2=322mmHg, Cu— =1.35x10—M, 32- C in absence of

Time 
(m in .)

C aptopril 
(105 M)

C aptopril D isulfide 
(105 M)

%
Recovery®

2 16.93 0.78 99.4

15 15.94 1.07 97.2

30 15.60 1.38 98.7

45 14.52 1.91 98.6

60 13.28 2.15 94.6

80 13.00 2.79 99.9

150 9.85 4.50 101.3

180 8.16 5.09 98.6

210 7.23 5.82 101.4

240 5.34 6.18 95.1

270 3.99 7.19 98.8

300 2.66 7.82 98.4

360 0.53 8.55 94.8

600 -- 8.56 92.0

a% Recovery = 100x (C aptopril + 2xC aptopril D isulfide)/CapQ



Table 3.5

Selection of experimental conditions which simulate the 
continuous flow of oxygen bubbles through the reaction

m ixture.-

Method Slope*3 % Residual0

Magnetic
S tirr in g

3.16+0.11 50%

Mechanical
S tirrin g

4.04+0.08 40%

Control1* 3.99+0.14 35%

E x p e rim en ta l condition: pH 6.62, 0. 1M phosphate  
b u ffe r (y= 0 .18), 1 atm 0 2 a t 32°C.

^A verage(+S .D .) slope of sem l-logarithm ic plots 
fo r 3 reac tions.

cFinal value as % initial cap topril concen tration  
on log -linear p lot.



Table 3.6

Summary of reaction conditions at 32-C

pH B uffer (M)

NaH2P 0 4 Na2HP04 NaCla

6.62 0.063 0.038 ------

0.030 0.020 0.09

7.44 0.015 0.055 ------

7.94 0.005 0.055 0.01

aIonic s tre n g th  was ad justed  to 0 .18 by  sodium chloride.



Table 3.7

Effect of captopril initial concentration on observed ra tes.-

Captopril
Concentration

(1(PM)

k 0

(106 M/min)
iH1

V 
irtE

5.26+0.01 1.14+0.02 6.01

3.55+0.13 1.05+0.01 6.35+0.02

1.93+0.02 1 .02+0.01 --

1.31 0.936 --

a0.1M phosphate b u ffe r , pH 6.62, y=0.18, [C u+ + ]=1.35xlO '5M, 
p u re  C>2 a t 32°C.



Table 3.8

Effect of added cupric ion on observed ra tes.-

/-I + +
° U 6 (10 M)

7 ^o
(10 ' M/min) (103n i n ._1)

13.50 10.20+0.12 6.24+0.20

10.79 7.37+0.13 6.95+0.30

6.74 5.19+0.13 5.91+0.34

2.70 3.27+0.12 4.52+0.06

0 2.83+0.04 3.41+0.17

a0.1M phosphate  b u ffe r , pH 6.62, y=0.18, p u re  C>2 a t 32°C.



Table 3.9

Effect of oxygen partial pressure on observed ra tes .-

P° 2 k 0 k l

(mmHg) (107 M/min) ( 103m in ._1)

724.0+2.5 10 . 20+0.12 6.24+0.20

525.7+17.3 7.59+0.17 3.96+0.13

315.6+7.1 4.83+0.04 2.49+0.10

189.5+4.6 3.82+0.04 --

123.5+5.2b -- 0.95

92.0+2.6b -- 1.01

a0 . 1M phosphate  b u ffe r , pH 6.62, y=0.18, [C u+ + ]=1.35xlO"5M 
a t 32°C.

b From initial ra te  s tu d ie s .



Table 3.10

Effect of cyclodextrins on observed rates of captopril
oxidation.-

P rocess*5 A
k o (10^M /mln.) 

B C

C yclodextrin

a 10.17+0.27 10.70+0.29 10.42

0 10.46+0.24 10.46 9.04+0.34

y

Controld 10.30+0.68

9.90 10.23

a0.1M phosphate  b u ffe r , pH 6.62, y=0.18, [C u++]=1.35xlO_5M 
a t 32 C.

^See experim ental section fo r descrip tion  of 
p rocesses A, B, and  C.

cTerm inal slopes from lin ear p lo ts.
j

No cyclodextrins^w ere added .
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F igu re  3 .1 : Schematic rep re sen ta tio n  of th e  reaction  vessel used  in
th e  s tu d y  of cap topril oxidation u n d e r various oxygen 
p re s s u re s . A. 5 gallon ja r  se rv es  as oxygen 
atm osphere; B. T h ree  way valve; C. 50 mL 
th re e -n e c k  round  bottom fla sk ; D. Mechanical s tir re i  
u n it; E. T ransfo rm er; F. Serum bottle  s topper 
(sam pling p o r t) ;  G. Isotherm al w ater b a th  flow cell 
u n it; H. Gas in le t and  vaccum p o rt.
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F igu re  3 .2 : S tandard  cu rv es  fo r cap topril and  cap topril d isu lfide,
(o ) : cap topril, (□ ): cap topril d isu lfide.
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F ig u re  3 .3 : HPLC Chrom atograms of reaction  m ixture samples taken
a t d iffe ren t time po in ts d u rin g  th e  reac tion . I: 
cap topril, II: cap topril d isu lfide.
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F ig u re  3 .4 : UV sp ec tra  taken  a t various po in ts of th e  peak  and
th a t  of re fe ren ce  s ta n d a rd s  fo r cap topril (A) and  
cap topril d isu lfide (B)
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Figure 3 .5 :
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Examples of mass balance fo r cap topril oxidation. (A) 
pH 6.62, 0 .1  M p h o sp h a te  b u ffe r
(y=0.18), [C u++]=1.35x10 M , pOo=322 mmHg a t 32°C. 
(B) pH 6.62, 0 .1  M phosphate b u ffe r 
(11=0.18), [C u++]=0, pO^=733 mmHg a t 32°C. ( • ) :
cap topril (o ) :  cap topril d isu lfide, (□ ): two times 
captopril d isu lfide (A): to ta l reco v ery .
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F igure  3 .6 : C aptopril (A) and  cap topril d isu lfide (B)
concentrations as a function  of time u n d e r  various 
oxygen p a rtia l p re s s u re s . pH 6.62, 0 .1  M phosphate  
b u ffe r  (y= 0 .18), [C u+ + ]=1.35xl0"5M a t 32°C. pO , = 
721 ( • ) ,  526(o), 338 (a), and  185 mmHg(A).
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F ig u re  3 .7 : Captopril (A) and cap topril disulfide (B)
concentrations as a function of time u n d e r  various 
C upric ion concen tra tions. pH 6.62, 0 .1  M phosphate 
b u ffe r  (u=0.18), p u re  p 2, a t 32°C. J C u + + ] =
1.35x10 g ( * ) , 1.08x10” (o ) ,  6.74x10” (o ) ,
2.70x10” (A ), and 0 M ( O ) .
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F igure  3 .8 : C aptopril (A) and  cap topril disulfide (B)
concentrations as a function of time with various initial 
cap topril concen tra tions. pH 6.62, 0 .1  M phosphate 
b u ffe r  (v= 0 .18), p u re  0 2, [C u+ + ]=1.35x10"%  a t 32°C. 
In itial cap topril concen tra tions: 5.244x10 (o l ,  
3 .4 2 1 x l0 '4 (o ) ,  1.945x10 ( • ) ,  and  1.315xl0"6 (A ).



IN
IT

IA
L 

RA
TE

 
(1

0*
*7

 
M

/M
IN

)

6

5

4

3

2

1

0
40 3 52 61

CAPTOPRIL INITIAL CONCENTRATION (1 0 * * 4  M)

F ig u re  3 .9 : In itial ra te s  as a function  of in itial cap topril
concen tra tions. pH 6.62, 0 .1  M phosphate  b u ffe r  
( y=0.18), p 0 2=92mmHg, [C u+ + ]=1.35xl0"5M a t 32°C
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Figure 3 .1 0 :
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Semi-logrithmic plots of captopril (A) and  captopril 
disulfide (B) v s  time w ith various in itial captopril 
concen tra tions. pH 6.62, 0 .1  M phosphate  b u ffe r 
(y=0.18), p u re  0 2 , [C u+ + ]=1.35xl0_5M a t 32°C. 
In itial cap topril concen trations: 5 .244xl0 (o l ,  
3.421x10 (□ ), 1 .945x10 '6 C ) ,  and  1.315xl0"6 (A ).
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Figure 3.11:
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Z ero-o rder(A ) and  f ir s t-o rd e r(B )  p lots of cap topril as 
a function  of time u n d e r various Cupric ion 
concen tra tions. pH 6.62, 0 .1  M phosphate  b u ffe r 
(y=0.18) p u re  O -, a t 32°C. LCu+ + ] =
1 .3 5 x l0 " ° C ) , l.d& xl0 ~5 (o ) ,  6.74x10 (□ ),
2.70x10 (A), and  0 M ( 0  ) .
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Figure 3 .1 2 :
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Z ero-order(A ) and f irs t-o rd e r(B )  p lots of cap topril as 
a function  of time u n d e r various oxygen p artia l 
p re s s u re s . pH 6.62, 0 .1  M phosphate  b u ffe r 
( y=0.18), [C u+ + ]=1.35xl0 M a t 32°C. p 0 2 = 721(«),
526(o), 338(o), and  185 mmllg(A).
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F i g u r e  3 . 1 3 : Z ero-order(A ) and  f irs t-o rd e r(B )  p lots of cap topril as

a function  of time a t various pH. [C u+ + ]=1.35xl0^M  
a t 32°C. w ith p u re  oxygen. pH: 6 .6 2 (* ) , 7 .4 4 (o ). 
and  7 .9 4 ( d) .
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Figure 3 .1 4 : Paired  ap p a ren t ze ro -(o ) and f ir s t-o rd e r(o )  ra te
constan ts  as a function of pH. [C u+ + ]=1.35xl0"°M  at 
32°C. w ith p u re  oxygen. In se r t  is th e  comparison of 
a p p a ren t ra te  constan ts  u n d e r  d iffe ren t b u ffe r  
co n cen tra tio n s .
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F igure  3 .1 5 : Comparison of cap topril concen tration  as a function  of
time w ith the  p resen ce  of chelating a g e n ts . ( o ): 
EDTA (□ ): 8 -hydroxyquino line and ( • ) :  no
chelating ag en t added . pH 6.62, 0 .1  M phosphate  
b u ffe r  (y = 0 .1 8 ),[C u ++]=0, p u re  C>2 a t 32b C.
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F ig u re  3 .1 6 : A pparen t f ir s t-o rd e r(A )  and  ze ro -o rd er(B ) ra te
constan ts  as a function  of cupric  ion concen tra tion . 
pH 6.62, 0 .1  M phosphate  b u ffe r  (y=0.18), p u re  Oo 
a t 32°C.
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F ig u re  3 .1 7 : A pparen t f ir s t-o rd e r(A )  and ze ro -o rd e r(B ) ra te
co n stan ts  as a function  of oxygen p a rtia l p re ssu re . 
pH 6.62, 0 .1  M ph o sp h a te  b u ffe r  (y=0.18),
[C u + + ]= 1 .35x10 M a t 32°C.


