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ABSTRACT 
The marketing of drug delivery systems possessing an 

optimal therapeutic utility is the principal concern of the 
drug induetry. It is necessary and u8eful in systematically 
pursuing the rational design and development of optimal drug 
delivery systems, to establish perfonnance criteria upon 
which to base their evaluation and gauge the succesa of these 
efforts at any stage of the development. This first communi- 
cation discussea the drug bioavailability input-pharmacological 
response output relationships which provide the means for 
establishing such guidelines. Part I1 di8cussea the application 
of these relationships and presents a rational, although 
idealized, approach to the development of drug products 
designed to elicit optimally sought pharmacological response 
behavior. The role of a new method of in-vitro drug product 
testing which is optimally predictive of in-vivo bioavail- 
ability, is pre8ented. Examples are drawn from ongoing research 
in the authors' laboratories. The limitations within which the 
general ideals of ultimately optimal behavior of drug delivery 
systems are applicable and practical to achieve are discussed. 
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SWLEN, KVEHN. AND WILLIAMS 

INTRODUCTION 

Any general  echaae f o r  def ining and developing drug del ivery 

a y r t e u  to posaesr o p t l m d  therapeut ic  pe r fonunce  c h a r a c t e r i s t i c s  

Wouzd a t  t h e  present tf.. obvioualy need t o  be conaidered ideal ized 

and merely preaent 

ar quan t i t a t ive ly  dafin- pharmmologicsl e f f ec t# ,  b io log ica l  va r i a t ion ,  

and t he  unique p h y s i e o c h d c a l ,  p h m u c o l o g i c a l  m d  toxicological  

p rope r t i e r  of individual  drugs can be vieued. Rwavar, t he  handling 

of auch p r o b l e u  MY be an t i c ipa t ed  to  continua t o  be Ameliorated 

through colunicatioo and t he  atrongly a p e r g i a t i c  i n t e rd i ac ip l ina ry  

c o l k b o r a t i o n  uhich results from the in t e rac t ion  of pharmacologically, 

phya icochu ica l ly  .ad en&neoring oriented pharmaceutical s c i e n t i a t s .  

Ib. app l i ca t ion  of engineering p r inc ip l e r  t o  phanuceu t i c s ,  t he  

a v e i l a b i l i t y  of d a l a t u r i i e d  and inexpensive computer#, t he  ever 

incruains aophlat icat ion in b i o i l u t r t l u n t a t i o n  and de ta  UIdy*i# 

f o r  t he  quaa t i t a t ion  of recorded drug responcrea, a# w e l l  as the  inn- 

va t ive  irplenntation of b iophya icd  .nd polymer c h d a t r y  principle. 

are pordttiry approachas to drug d e l i v e m  which reamed o p l y  vialonary 

in the vary n u r  p u t  t o  beame feaa ib l e  f o r  t h e  very near future.  

a framework within which auch p r a c t i c a l  d i f f i c u l t i e s  

COWISOL OF DRUG BIOAVAILABILITY TITPUTS 

A drug del ivery s y a t a  u y  be defined u a c h a i c a l  o r  electromechan- 

ical device designad to input drug(#) t o  the a y a t d c  CirCulAtiOU or t o  

apec i f i c  t a r g e t  a i t e a  in the  body a t  p r e d e t e m i n d  control led rates. 

h s d  on t h i s  de f in i t i on ,  drug del ivery a y r t m  can t he re fo re  be 

d i f f e r e n t i a t e d  from "Drug dtmp s y a t e u "  which release t h e  drug t o  

the  body in UI uncontrollrd,  unplurnrd, mmer a t  rates which are moscly 

fo r tu i toua  in t ha t  they mre not specifically designed or chosen 

a p r i o r 1  d . c c a p l i s h d  by t h e  design and .ode of operat ion of 

a device or through the chemical f o r u l a t i o n  of a drug product. 
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DRUG DELIVERY SYSTEMS. I 

The f ac to r s  which determine drug b iosvs i l ab i l i t y  inputs  

include: 

regirm, 3) 8bsOrptiOn rates from the s i t e (* )  of administration, 

and 4) design and mode of operation of electromechanical drug 

admlni t~trat ion devices, i f  these should luppen t o  be used. 

of these f ac to r s  can be controlled en t i r e ly  o r  t o  e f f ec t ive  degrees 

by either mere select ion,  design, or  formulation. 

1 )  the mode d ri te of 8dmhistr8tiOn, 2) t he  dOs8ge 

Each 

The rates of drug b iosva i l ab i l i t y  which a drug delivery system 

should be designed or set t o  provide can wst r a t i o a r l l y  be 

determined only on the  bas i s  of t he  co r re rpod ing  dynamic pharmeco- 

log ica l  rerpome behavior i t  should elicit. 

of drug in body f l u i d s  such as blood d urine,  are only of interest 

i n  t h i s  regard in that they u y  be re la ted t o  p h r u c o l o g i c  effects .  

In other  vordr, how much drug is i n  t he  body i m  not u important 8s. 

what it does when it's there. Plurmcokinet ic  r e l a t i o w h i p s  between 

drug b ioava i l ab i l i t p  inputs  8nd pharmco log icd  response outputs 

a r e  therefore  of t h e  most fundmeutd d p r a c t i u l  interemt 8nd k p o r  

tame t o  the  design, t es t lq ,  and u l t h r e  o p t i r i r a t i o n  of t he  therapeutic 

pe r fo runce  of drug delivery aystemo. 

inputs  d drug blood or ur ine levels ere only of interest in t h i r  

context when t h e  body f l u i d  drug levela  can be d i r e c t l y  r a l a t ed  t o  

The corresponding l eve l s  

Relationships between drug 

p h a ~ c o l o g i c a l  .Ct iVit]r .  

SYSTBIIC AND BIOPRASIC DRUG INPUTS 

Figure 1 illwtratu the f a d l i a r  type of simplified r e p r e s a t e -  

t i on  of the  body u a c0epartnnt.d s y m t a ;  i n  t he  diagram the 

compartments are represented by the  rectangles and the varioua drug 

transport  p r o c s s s u  ara described by th arrouo. 

indicate  drug input and rupoluc processes; in such models. compart- 

ments are u u l o g o w  t o  vell s t i r r e d  tanka and reprosent a .pace o r  

The heavy arrow 
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SEIL)LEN. KUEHN. AND WILLIAMS 

t 1  

DRUG 
RESPONSE 
OUTPUT ,- - - - - - 

I 
1 
I 

b 
I 
I 

5171 5 OF I A8SORPllON 

In. drug I 
txcuw 1 

S l w p l i t i d  c a m p u t n a t a l  raprooentation of the procueeo influencing 
drag reoponu c h r w t e r i o t i c o .  

oolubi l i ty  oolun into rhich tho drug CUI ester or a chemical 

en t i ty  into which it can b. r u b o l i c r l l y  t r u u f o r u d .  The 

b f o ~ b e  10 A tomparrunt in to  vhich the drug estor8 t o  induce 

it. effect.. The d u h d  line0 in  tho d l a p o  8havn encircling 

the biophue rod central ryotar ic  c w a r z a e a t  are munt to  rignify 

that  t h u e  tvo corpar+unto MY or  may not be one ond th. UI. 

depending upon tho rapidi ty  v i t h  uhich the d N g  can penetrate to  

it. rite. of aetioll from tho b M .  

oiteo of action are physically containad in tb. o y o t d c  blood 

campartrunt pt th. b i o p b e  vill be in a oeparate compartcwnt 

It 10 aloo poooible that  the 

if  the aCt im mtlty 10 8 wtabo1ite Of the  adminiorered C o l p o c m d  

into uhich it lo o l w l y  t r u u f o r m d .  When tha biophue oad p l a ~  

c a p a r t u n t o  arm th. ..y. the intanoity of pharmacological e f fec t  
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DRUG DELIVERY SYSTEMS. I 

and blood l eve l s  v i l l  peak at the mame time and puy be d i r e c t l y  

proportional o r  often remilogarithmically r e l a t ed  over M appreciable 

range. when t h i s  is not t he  case a causal re la t ionship still ex ia t s ,  

but i t  w i l l  be more complex. 

Figure 1 indicates  two types of drug inputn: i n  one came tha 

drug enters 

via a depot b a r r i e r  compartment, and is subsequently d i s t r ibu ted  

t o  i t s  biophase. 

d d n i s t r a t i o n .  

biophnse p r io r  t o  entering the  systemic circulat ion.  

b u e  when a localized e f f e c t  of t he  drug is sought by uanm of,  

f o r  example, ophthalmic dosing, t op ica l  appl icat ion t o  the akin, 

01 by in t r au te r ine  o r  vaginal iaplantation. 

t h e  presence of the drug i n  the  blood is undesirable sad its 

detect ion in the  blood i n  any appreciable concentrations would' 

indicace a t o d c  d w e  o r  a poorly designed drug "dump" rymta.  

the systemic c i r cu la t ion  e i t h e r  d i r ec t ly ,  or  ind i r ec t ly  

This is what occurs with o r a l  and parent.tal 

In  the  other  case thc drug is absorbed fn to  its 

This is t he  

In  these cases 

TBANSPW AND ~ W C T I O N  rnCTIONS 

In designing drug del ivery r y 6 t . u  intended f o r  providing either 

8 y D t d C  or  b i o p h s i c  drug inputs  Y. are p-rily C O I L c e r n d  O d y  

wlth t h e  dynamic relationohips betwean the  drug inputs  and drag 

reaponre output.. Therefore, the developmat of compartment models 

in which som biophysical significsuce is ascribed to u c h  c o q a r t u n t  

is an of t en  un rea l i s t i c  and needlessly complex .ode1 descr ipt ion of 

t he  m y s t a  i f  t he  o n l y  purpose of t he  m d e l  is t o  relate drug inputs  

to drug resporue outputs. 

most c o r o n l y  wed i n  engiluering pract ice  a l l o m  a m c h  mbpl i f i ed  

md mre povarful approach t o  t h i s  p r o b l a .  

The appl icat ion of control  t h w r y  p r f n e i p l u  

Figure 2 illlutrates the pr inciples  of an approach'-" uhich 

is va l id  f o r  a majority of drugs. A block diagram i l l u s t r a t i o n  
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Act) t( ! . A( I )  

t 

P I G U U  2 

Block d l 8 - n  c h r a e t e r i z a t i o n  of tho dynamics of drug action. 

U W "  f P1.m. 

-4 ycc, hll): f&lI) + I#) 'J\ , 
t 

of t h r  r e l a t l o w h l p e  betwean drug b ioava i l ab i l f ty  inputs  and drug 

ruponso outputs i m  shovn. Tho r o l a t l o w h i p s  ere v a l i d  i r r e s p e c t i v e  

of: 

b i o p h u e  via t he  mymtaic c i r cu la t ion .  

o y s t a i c  capartruots are t he  s o n  or  not. 

l og ica l  response o b u r v d  at any t i n  is tho r e s u l t  of a l l  a c t i v e  drug 

entities p r e w t  o r  which hoe boon pra..nt urlier  a t  t h o i r  nitas 

of ac t ion  in t he  biophucl cmpertaont .  

i nd ica t e  tho tuo funct ional  r e l a t ionsh ips  which are wst uscul ly  

reqaird t o  u t 8 b l i . h  tho Zntsr-rolaciowhipa betvem drug inputs  

md u c h  p&rp.calagicr l  tim response oatput e l i c i t e d  by t h e  drug. 

The f i r s t  r e l a t i o w h i p  in th. t r a n s f e r  funct ion which relates the 

t i u  c o u r u  of change of b b p h u i c  drug lovols t o  t h e i r  corrcoponding 

1) whether t he  inputs  u e  d i r o c t l y  i n t o  the  b i o p h s e  or roach t h e  

2) Uhether t he  b l o p h s e  and 

An i n t e n s i t y  of pharmaco- 

Tho block. i n  t h e  dbgram 
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DRUG DELIVERY SYSTEMS. I 

drug inputs. In t h i s  meheme, a l i nea r  relationship,  La., l i nea r  

in the B.DB~ of the  superpoaitioa p r i n c i p d 2  is ~BBW betveen 

the input .od b iophu ic  drug love1 rarrponse; t h i s  1s moot CmDaly  

a val id  umfmption, The i n t e w i g  of the p h a n u c o l o g i u l  response 

can be ~ B B I J M ~  t o  be a single valued function of its correoponding 

b i o p h u i c  drug levels. 

variables,  the respome intensi ty  viU therefore d.0 be l inur 

in Its dymmlcd beliavior, but because of threshold and saturat ion 

e f f e c t s  it VLTl aot generally be l i n u r  in ugnitude.  

i f  a t r ans fe r  function were wri t ten t o  d i r ec t ly  relate drug inputs  

t o  pharmacological rerporua outputs, the tiam constants in the t ransfer  

function would be invariant u i t h  do.., but the g8lnm would be dose 

dependent. 

in t he  diagram, corrects  f o r  t h i s  do88 dependence m d  B & V ~ B  to 

f u l l y  l i n u r i x e  the drug input/oulput pharmacological response 

behavlor of the system. Whether t he  asnptionr upon which the 

drug bioavai labi l l ty  input-pharucologicd rasp- output r e b t i o n s h i p s  

are b a r d  are v d l d  o r  not in m y  particular cuo CAII be daterminod 

wing tutr2*5*7*9 r q u i r i n g  o a ~ y  pharucological  data alone without 

M y  ned f o r  d i r ec t  UB8y data. 

applied with coafidence t o  drags f o r  which d i rec t  che5lcal o r  

radiological  M B ~ ~ B  are d i f f i c u l t  o r  nonuistent o r  t o  natura 

product drugs whose exact c h a l c d  composition u y  not rrm be 

Lnovn. 

Since biophasic drug 1-d~ are linear 

In other  words, 

The tranaductioa function, Bymb01iZed by the 8ecoad block 

Therefore this approach can ba 

CRABbCWISTICS OF ~ L O C Z C A t  DATA 

A camoaly ocaurring cirarl.tive drug input .ad three typea of 

drug response VB. t h e  p ro f i l e s  are sholm la Figure 2. The top 

curve is characterired by the r e l a t ive ly  rapid appurance of a peak 

which coincidea u i t h  a peak in  blood 1w.1~; in t h i .  w e  the  p l u u  
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SMOLEN. KUEHN. AND WILLIAMS 

.nd biophaae compartment8 a r e  the  a m .  

th. cue where th. peak raapocue occura l a t e r  than the  peak i n  blood 

l m l a  d w  t o  tha p l u u  and b i o p h u e  baing d i f f e r m t  c m p r t w n t s .  

Such usu occur whau t ha  drug .rut alovly p m e t r a t e  t o  a t i s aue  s i t e  

out8ide t ha  0 7 8 t . d C  c i r c u h t i o n  uul/or ba convertad t o  A w t 8 b o l f t a  

in o r d n  to axort its ruponae. 

i d i r a c t  a f f e c t  much u e l i c i t e d  by r u e r p i n e  on blood preasure o r  

m r f a r i n  011 prothrombin complex a c t i v i t y  where the  reaponaa may be 

prolonged even beyond tha time the  dore l r  e f fec t ive ly  cleared from 

tho p l u u .  

The middle cume  exesp l i f f a s  

The 1omrao.t curve u e m p l i f i r a  an 

Figure 3 -1ifi.a t h e  c a m  *arm t h e  biophme uul p l 8 . u  

collp.rrunta are th. I-. nu m u h a m  mydriatie ruponae i n t e n s i t y  

t o  tha drug t r o p i c u i d a  la mom t o  occur n u r l j  i Y d i ~ t e l y  a f t e r  

Mw cour8e of wydriatic r..poru. in t . aa i ty  f o r  rapidly d a i n i 8 t e r e d  
intrmollcu domu of trop-de. 
dninm of foor d e t w r m i ~ t i o w  on tour rabbit.. 
a r a  13.7 (0 25.0 (A 1, 50.0 ( 0  ), 66.7 ((-J)* 167 ( 0  ), 250.5 
( 0  1, 334 ( 3 1, and 416.5 (0 1 acg./ku. 

Each point i a  t he  average of a 
The doaes reprasented 
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DRUG DFLIVERY SYSTEMS. I 

the administration of each bolw i.0. dose. Thia behavior CUI be 

contrasted to that of mother mydrhtic drug tridihuethyl chloride, 

ahom in Figure 4. &re the Uriv in the mydriatie rasporrue to 

rapid i.r. doses occur nearly tnnty minutes after dosing. 

difference in puk tivr for the two rgdriatic drugs CUL be 

attributed to the rapid ability of the unionired tropieulde to 

penmate tissue barriers to reach its rites of action relative 

to the ionized tridihexethyl chloride which is a quaternary 

m u m  compound md therefore purer such barriers -re slowly. 

-8 

The third e u e  is exewplifid by the effect of chlorprourbe 

(CPZ) on rabbit body tgpratura shoun in Figure 5. Although CPZ 

is rapidly clearod from the blood d may even act quickly to affect 

the temperature regulating center in the hypothrl.llu. the slow 

1.8 
z 
2 1.6 
w c 5 1.4 
w 

1.2 
2 
0 

a 0.8 
0 2 0.6 
a 
CI 0.4 r 

5 1.0 
Y 

- 
= 0.2 

MINUTES 

FIcuIIl: 5 

T i m  course of mydriatic response intensity for s w o r d  intravouoruly 
administered doses of tridihexethyl chloride. 
result of mamuraents w a minimum of three mepareta rabbits. 

kch curve ia the 
The 

iUt?&ocllou8 d08u ..PlOyed* in q./b.* were 0.17 ( - 0 0 ) s  0.22 
(-a-)* 0.30 (-O-), 0.45 ( 4 - 1 ,  0.95 (-&I. lad 1.60 (-@-). 
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DRUG DELIVERY SYSTEMS. I 

onset d prolonged duration can primarily be a t t r i bu ted  t o  t h e  

haat tXp8Citp of the body. b C O Q t r U t ,  t he  d o t i c  effect8 Of 8 2 ,  

shavn in Figure 6, can ba expected t o  be more rapidly r e ~ i v e  t o  

t h e  irutantamow leve l s  of the drug at its situ of action. TMs 

is demnatrated by t h e  urlier appearance of the maxim. 

Wthna8s of t h e  temperature rupocue c u m u  r e l a t i v e  t o  t h e  d o t i c  

and intraocular  p r u o u r e  curves, urr also be a t t r i bu ted  t o  the  

heat capacity of t he  body act ing aprlogously t o  a law p u s  f i l t e r  

t o  M o t h  the  temperature rupoaue data. 

'Ihr 

Most drugs, l i k e  CPZ, induce multiple raspowem. wh.n delays 

in the  p u k 8  of s ~ t a ~ o u 8 1 y  induced therapeut ic  8nd t o d e  

e f f e c t s  occur, they may be usad t o  advantage in rinimiring t o d c  

affactm by optimizing drug delivery inputs. 

therapeutic u t i l i t y  f o r  8 drug it im sought t o  o b t a  an l d u l  

therapeutic thm t e m p m e  p r o f i l e  while u i n t a i n i q  t o d c  e f f e c t s  

below 8afely to l e rab le  limits. In order  to c a p u t e  o p t i v l  drug 

inputs,  it is f i r s t  necessary to have A a p a b l l i t y  of quant i ta t ing 

and recording t h e  therapeut ic  and tox ic  drug respoaues that are 

t o  be controlled.  Overall rp.lrutlmu of the  c l l n i a l  effective- 

a e ~ s  of a drug input are seldom s u f f i c i m t l y  -11 defined to be 

w e f u l  f o r  t he  required quant i ta t ive computations. 8ou-r ynlr 

drug e f f ec t8  such u ch.ngu in pupi l  sire, intraocular pressure, 

blood pressura,  skim and body temperature, f o r  uuple,  r e f l e c t  

therapeut ic  o r  toxic e f f e c t s  of various c l u s u  of drugs and cam 

be d i r e c t l y  m n i t o r d  q o i t e  w i l y  with A very o f t m  acceptable 

degree of precision. When rupouse8 mch  as t h u e  are not t h a -  

selves  the therap.utic o r  toxic  e f f e c t s  of interut, but merely 

cozrelate  with such e f f e c t s  t h e i r  u s e f u l n u s  f o r  drug input 

To a c h i e w  a aaxium 
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DRUG DELIVERY SYSTEMS. I 

optimization is then in t he  s8m category with blood m d  urine 

drug level data. 

When it is not possible to d i r e c t l y  v n i t o r  drug e f f e c t s  of 

In t e re s t ,  it MY be f-ible to rU0lVa drug induced t i r  varying 

changes in the  pattern. of biological  s igna l s  such u EKG. 

spontaneous d evoked rerporue EEC, FMC, and pupil  noise. Work 

i n  the  authors '  l a b o r a t o r i u  has begun t o  explore tho use of 

biological  s i p &  with the i n t e n t  that th i .  approach could be 

pa r t i cu la r ly  w e f u l  f o r  peychotropic .ad c a r d i w u c u l a r  drugs 

hose clinical actiool correlats with EEG sad XG 

Since c b l o r p r o u t i n e  a f f e c t s  both KEG and EKG we chow it u 

our f i r s t  drug t o  be studied i n  this maser. 

ch.nger. 

Figure 7 ahow t he  e f f e c t s  of ch lo rp ro ru ina  on EKG. 

The vave f o r u  are averaged represamtationr af t h e  EKG signal 

recorded at various times before uui  a f t e r  dosing. The s i p 1  

has b a n  corrected f o r  v u l a t i o w  in h u r t  rate by ccnputmrired 

processing. 

varying C-U in P-P md Q-T intervals, M d  m h C m  in 

the width of t h e  T van. 

AppUUlt 

averaged p r d r u g  and p o r t d r u g  XG vavefomm f o r  h u r t  rate. 

superimposing them, m d  p lo t t i ng  t h e i r  difference. 

u u l y s e s  of theme d n a ~  induced d i f f e r o n c u  indicate that  they are 

s ign i f i can t  and t h a t  c h g u  in EKG tima intamdm and integrated 

areas of d i f f e r . n c u  b e t v a a  p r c d r u g  and p o s t d r u g  EKG u8va 

pat terns  could be w e f u l  i n  . w i t o r l a g  the  e f f e c t  of drugs on 

t he  hurt. 

Close irupactlon of t he  m v a f o r u  r d s  tin 

Th-e d m  iodpeed clung- become .ore 

Figure 8 vhich .ban th. W u l t .  Of U O d b h g  M 

S t a t i s t i c a l  

F i W e  9 unpl i f ies  e f f e c t s  of chlorprourhe on t h e  povar 

spec t r a l  densi ty  of t h e  EBC signal r u o r d a d  c o r t i c a l l y  f r a  chroai- 
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SHOLEN. KUEBN, AND WILLIAMS 

lfCOM 7 

C b l o r p r a u i r u  fndocd ch.n(lu in r a b b i t  EKG by 8 4 mg./kg. doom given 
by slar i.v. i n f w i o n  o v u  30 n l n u t u .  

e d y  FPp1.nt.d elctrodu p h c d  onto t h e  hippourpw of rabbi ts .  

Similar r e d t r  h h a  o b t d n d  from 8cd.p recording oa hwnns. 

The p#.r 8prctral dauoity plot. appear t o  f n d i u t e  t h a t  t he  drug 

irdUCO6 ch8ngU in th. peak h d g h t  8t V 8 r 9  1- frequency and ch8ng.8 

tho m r  in  tbe 10-U Hz band vidth. 

011 t he  panr spectrum of the .ponta~~ru EEC 8igrul .re r e d ,  t h e i r  

l u g e  vuirPc* r m d e r s  i t  u a l i k d y  t h a t  they all prove t o  be 

q u u r t l t a t i v r l y  ruoful. 

Although t h u o  drug e f f a c t a  

I h r e f o r e ,  a t u d i u  have been r ecen t ly  i n i t i a t e d  
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DRUG DELIVERY SYSTWS. I 

PREDRUG 

PICuIlG 8 . 
Conearleon of a colputar nerapd  mrul, prdrug, mlo~trocarddLogru 
waveform with a v8vefoa recorded approriutoly 30 datltu after rapid 
intravmous doring of a rabbit with 4 m$./kg. of chlorprarrrilu. 
lowart curve reproeenta a point by pobt difference betuow the prednr8 
and portdrug &om. 

The 

U8iZlg 8 @ 8 # i t i V @  D@thOd O f  d d l y  .rdd rMpOW m. & @ l f d M v  

rerultr obaomd in hummu iudiute thia to be a coruidorably ran 

semitire and reliable pwthod. 

Pipro  11 further i l lustratu  r 6 n  ttw ruponeu for various 

effect# of cborprauine wtudid on rabbit.. Figura 12 .how8 

Such ruul tr  are rhaun fn F i w e  10. 
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SHOLW. KLIE?iN. AND WILLIAMS 

Power spectral density plot8 of the electroencephalographic signals 
recorded at various times from a rabbit before and after dosing 
w i t h  a 4 mq./Xq. bolus intravenous dose of chlorpromazine. 
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SMOLW. KUEBN, AND WILLIAMS 

::i - 1 . 2  
Skin Temp. 

0 Bolus I . V .  

j 3 

260 

C 
z ,. 
2 
0 
0 m 

20c 

0 
4.4 
1 K 

Y 
ir a B - - 

12c  

P r e d r q  0 1 2 3 4 

TIHE IN HOURS 

FIGURE 11 

Examples of ti- variations in pharmacological effects of chlorpromazine 
observed in rabbits following rapid intravenous dosing. Each 
curve represents the results of a single experiment. The heart 
rate change ( -  -) and P-R time interval in the EX0 waveform 
f-o-) resulting from 4 a i g . / K g .  doses infused over a 30 minute 
period and skin temperature change C-a-). after a 3 mg./Kg. 
bolus i.v. dose, are represented. 

the t i n  variation O f  mlotic ruponm iaducad by *Awing Oral 

do- of chlorproruiae gi- to human iubjwta;  tho result. in 

figut0 12 are of *.IJ pract ica l  intareit t o  tha bioav8ilabiliKp 

evaluation of CPZ oral product.. 

coauidored that 

cannot be detected t e l l a b l y  wing the -it aoauitlve,  GLC 

Thii 1. .*idant vha~  i t  ii 

for 200 ag oral doau blood 10~01s of CPZ 
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SFOLEN. RUEHN, AND WILLIAMS 

~ ~ 8 9 ' ~ ~ ~ .  

u d o t i c  and i n t r aocu la r  prossure change activity, f o r  e x u p l e ,  

permito the r e l i a b l e  d o t u t i o n  of 5 lag oral doses in individual  

h- subjocto. 

In  a n t r u t ,  tho use of  p h 8 r ~ r c o l o g i c s l  data ,  such 

DBW: X l @ l J T m  RESPONSE REUTIONSRIPS 

In dosigning drug del ivory systeam it is naceseary t o  consider 

how drug ruponsu 

hou drug inpu t s  u y  be optiraized. Am mentioned p rwlo ru ly ,  a 

t r a u f o r  funct ioo and a t r amduc t ion  funct ion are required. 

shover in Figure 13, t h e  tran8f.t funct ion is merely the  biophaeic 

drug level t i n  rupome t o  a u n i t  iapdw drug input. 

input is a bolus unit 1.v. dose the t r m f e r  funct ion w i l l  relate 

b i o p h u i c  drug levels to tho t h e  course of t he  rates of drug encaring 

the blood. 

drug rapidly givon o r r l l y ,  i n j a c t d  into t h e  aqueoru humor of t h e  eye, 

OY placed in tho utmnm, then the  t r w f e r  funct ion w i l l  relate 

b i o p h u i c  drug lmls t o  the  rat- of drug release i n t o  the gut as 

occur8 from an oral d-40 form, the  rat- of t r 8 m c o r n a r l  passage 

of .o opht-c drug into tho aqruow humor, or tho in-vivo r e l u o e  

rat- of s drug from an i n t r au te r ina  implant, respectively.  In 

othor  mrda, tho r e t t i o u s h f p s  are e n t i r e l y  general  f o r  l i n e a r  

8 y o t e n  i r r e spoc t ivo  of the route  of sd r fn i sc ra t ion  and whether 

t he  drug ontars the systemic c i r cu la t ion  p r i o r  t o  rarching its 

r i t u  of ution. 

quan t i t a t ive ly  ro l a t ed  t o  drug-inputs and 

An 

I f  t he  iDlpu1se 

If the impulse input is conmtitutod by a eolut ion of the 

Tho t r . a d u c t i o n  function is roquirod to relate bioph8sic 

drug lovelo to observed pb-ologicrl  reeporue i n t e r u i t i e a ;  

it i8 s b p 1 9  definod i n  arch cuo by tho drug's dos t . f f ec t  curveo 

Ih. b u i r  f o r  wing dooa-effect c u m  f o r  t h i s  purpose can be 
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SMLEN. RUEIIW. m UILLUCMS 

undorotood from tho follmring conoidorationo: 

diopooitioo of tho drug in the rystom (body) are asoumed linear. 

Thorefor. tho biopluoic drug levels, Q,, folloving bolw dosing or  

dooing by I route a r e  tho drug is oboorbod by a doso independent 

p l b ~ u o  at. givon by q u a t i o n  1, vhore the mi's and A ' a  are  constants, 

t i o  c h .  m d  D la tho do... 

1) The kinetico of 

1 

A t  uty  roformco tiw, tr, Q, i o  given by equation 2, whore 6, i a  
T 

-itr 
d o f i n d  by: 6tr '141 AiC 

Sinco Bt 

m o t  b. I relativa b i o p b i c  drug 1 0 ~ 0 1  or  o q u l  t o  Q, whon 6, 

2) Tho i n t a u i t y  of p h . r u c o l o g i c d  reoponoe, I, is aosuwd a 

o i n g l r r d t u d ,  monotonic incrouing function of Q, - Etr D. 

Throforo it can e u L l y  bo MUI that A dooe ef fec t  curve constructed 

io I coaat8at. D Lo di rec t ly  proportion& t o  Q, ond therefore 
r - 1. 

r 

p l o t t w  I , Lo., -1- of I obsorvod a t  tr folloving dooing) 
tr f.. D i o  also I traaoduction function rolat ing Q, t o  I; i t  l a  

4 7  rucuury to rolabd tho coordiaateo, 

Q / B  

a d o o w f f r t - t i n  ourface f o r  tho VdriAtiC drug tropicaaide.2 A 

d o h f o c t  curno i o  a h p l y  obtairud u tho profoction of the surface 

ento an i a tau i ty-doso  p h n o  placod mywhoro along the t h o  .xi.. 

?or va'y p r s c t i u l  purposu, the  tip. 10 b u t  ehooom ao tha t i m a  of 

n x i n l  maporme. 

Varlow drug. and ruporuu m e  u a p l i f i d  in Figure 15. 

daoe8tr8t .d  by tho  author^^*^ that d o o t o f f c c t  curves C A ~  dtorrut iva- .  

9s .  D, t o  I VO. 
Itr - f (1)  - ra la t ivo  b iophuic  drug lovel. Figure 14 i l l w t r a t e e  ' 'r 

Dooa-.ffoct c u r v u  oboorvd by tho author. f o r  

It h8s beom 
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DRUG DELIVERY SYSTEMS. I 

FIGURE 14 

Dose-response (I) - time surface for the mydriatic drug trapicamide. 
The dose, D, axis is equivalent to the relative quantity of drug 
in the biaphasc, f (I), axis. 

l y  bo conmtntctod from the ruultm of a m a l o  dome i f  tho biophmo 

compartmnt CUL bo d l roc t ly  ~ l d  for i t m  contmot of drug vhilo 

almultumowly roeordlog tho corrupoodlnu reapoomo lotonaltiom. 

Ib. r o l l a b i l i t y  which uo b. achimd in computing drug ioputm 

from p h a r u e o l o g l e d  data la u a p l 1 f l . d  v i t h  t h r  r o d t m  aham 

in Figure 16 mi08 tho mydrk t l c  rompauo of t r ~ p i c . d d o . ~ * ~  

Tho porcmt  of tho doao c a p u t d  from y u u r d  pupil  dinoror .  

t o  h v o  bmm a d d o i m t o r d  by m l a r  1.v. lnfur ioa a t  t in 1s 

comporod t o  tho corruponding u p o r i r n t a l l y  lcnorm muutm of 

drug. Tho l-ar correlation caaff ic lont  of tho 1- la 0.996. 

A parfact  corrupood.nco botuooa f l u  u p o r i w n t d l y  hmm input 
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SMOLEN. KLTXN,  AND WILLIAMS 
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W 
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20 40 60 80 100 120 
DOSE AND BlOPHASlC DRUG LEVEL. { ( i )  

FIGURE 15 

Intraveuoun doe-offect curves f o r  rabbit.. Kay: A, mydriatic 
response of tropicsmide; B, PZotic response t o  carbachol; C. 
i n t r r o c u l u  p r u s u r e  reeporue to  carbachol; D, mydriatic response 
t o  t r i d i h u e t h y l  chlor ide;  E, d o t i c  respolue t o  chlorproaurtine; 
and F, body taporature response t o  chlorproaarine.  The curve. 
d e f i w  the  fcmctferul  r e l a t i o l u h l p  between the i n t e n s i t y  of drug 
e f f e c t  and relati- b i o p h u i c  drug levels. 

rad t he  drug input  c a p u t e d  from measured pupi l  diameters vould 

r e s u l t  in a l l  t he  points  lying exact ly  on the l ine.  

show a similar capariaon for ch lo rp rous ine .  

l im represent. an e s p e r i P m t a l l y  ltnova slow i .v .  infusion of t he  

drug. 

from r.ct.1 t.qeratute m a a u r a n u t s .  The t r a n s f e r  function, 

d e f f n d  by the dose wrrrlired biopheeic drug l eve l s ,  and the 

temperature reeponoe t o  the  slow infunion are a100 shom in 

Figure 17; the- r u u l t a  ware wed in the corputat ion of t he  input. 

FlgUrC 17 

The s t r a i g h t  

The opm circles represent  the same drug input  computed 
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DRUG DELIVERY SYSTEMS. I 

I 

25 50 75 100 
Experimentally Known Amount of Drug Infused 

(Percent) 

FIGWE 16 

A coPparison of a c t r u l  cumuhtive amourits of t r o p i c d d e  a d 8 i n i B t e r . d  
t o  rabbit. by slow eoatinuoru incravenow infwion  t o  muat. 
calculated from pharmacolo(liu1 data (pupillary dimmeter lusur-ts) 
on the  b u i s  of a 1iaeu system model. A perfect COrrMpoadenCe w u l d  
reeult in u c h  point r u i d i n g  on the l i n e  having a slope of unlty. 
The linear correlation comfficient is 0.996. 
the average of four rep l ica t iom on different  -1s. 

The r u u l t s  represent 

The m t a i r u a c l i k e  plot in Figure 18 repre8eatm tho cumuhtivs 

input of CPZ t o  the alimentary tract achieved by giving f ive  5 .8 

doses Of CPZ O t d  BY+up t0  four hrpvn BubjeCtB at 112 hour i U t e r P d B .  

The elomd haxagm reptement tha .y)urit. of drus corputrd to hrve 

been given from the re iuf t s  of roPitoring intrroeular  p r u s u r e  (IOP) 

16 7 
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DRUG DELIVERY SYSTEMS. I 

0 
h . 
N 

P 

0 

; 
01 In 
0 n 

Time in Hours 

PICUBE 18 

The s ta i rcase represents the e x p e r i u n t r l l y  lrwvn c d a t i v e  Qwmt of 
chlorpromarine .dPinistered to four htasn subjects i n  the form of 5 rp.1 
70 kg. of o r a l  8yrup given every 112 hour f o r  2-112 hours. 
can be compared t o  the amunts (-0 -1 of the drug computed t o  h m  been 
given f rop the results of monitoring the iutrmcular pressure (XOP) 
respome of the drug by 8pplarmtion tonomtry. 
to  a single  25 mg.170 kg. dose glvea at time zero (-0 -) and t o  the 
s t a i r c u e  input (- 0 -1 response c u r v u  are described by the ueighted, 
biexponentirl, lust squarem f i t .  to the drta points used in the  calculation 
of the computed staircue input values. 

The staircase 

The IOP resporue i u t e m i t y  

changer in the subjects. 

or&l doma of syrup given a t  t i m e  zero (vhich d e f i n u  the t r w f e r  

function for  the mystam) and the response t o  the divided 25 mg 

The impulse LOP ruporue  t o  a single 25 .g 
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SMOLEN. KUEHN. AND WILLIAMS 

staircue input,  vhich ware w e d  to corpute the  predicted a t a i r c a s e  

input,  are a&o sham in the Figure. In t e re s t ing ly ,  IAUIY of t h e  oral 

.Id 1.v. dose s f f e c t  curves obsarrad f o r  CPZ in humsm are l i n e a r  

mar a coa8lderable dose r-e. 

not need& u truuduction functiono and t h e  observed pharmacological 

rslrponu inten8itiu c8u be  wed in phrmucoklnet ic  computations 

in t he  exact ..y unwr which would be employed with d i r e c t  assay 

data. 

.od exporiaental ly  knom drug inputs  is not slways exact, i t  i n  w e l l  

r i t h i n  tho 1Lits of b i w a r i a t i o n  and demnot re t e s  that drug input /  

output r e l a t i o l u h i p s  can be u t a b l i s h e d  w i n g  p h a r u c o l o g i c d  

da ta  without t h s  n o c u s i t y  of d e t u t i n g  the  drug i n  t he  body by 

d i r u t  u s a y  wthods ;  for chlorptapuine such w t h o d s  are q u i t e  

d i f f i c u l t  .nd onreli.ble.13”4 

When t h i s  is t he  casa, they are 

Although tho  correspondence betwema the  t h e o r e t i c a l l y  prodicead 

SU?Q!ARY AND CONCLUSIONS 

Three p r i n c i p d  W U  C 8 u  be ~ ~ ~ V i c l A g e d  for drug fnpUt/pharaaCo- 

1 W i U l  r e e p o a u  Output r8ht%O¶Uh%p8. 1) Wh- t he  drug response 

vS. t i u  p r o f i l e  i. h m t h ~ t i ~ d  md COpreS-tB i d u l l p  IOught 

cupemu charactsristics for t h e  drug, t h e  computation of the  

corre.poading drug input  p r o f i l e  pror ides  c r i t s r i a  011 which to  

design the  in-vipo drug releaas b-or of drug dal ivery aystaau 

vhich arm t o  be developed for the  drug. 

p ro f i l e ,  which u y  be d u c r i b e d  by either pharmacological o r  d i r e c t  

U S 8 7  data,  is m a p e r i r m t a l l y  obsemed r e s u l t ,  the  computation 

of t he  corruponding drug input  is rue fu l  for  evaluat ing the  drug 

b l o a v a i h b i l i t y  of t he  druu del ivery a y a t a  which produced it. 

i n f o r v t t w  ts ueeful f o r  8 u g 8 u t i n g  apd i f i ca t ions  ia t he  formulation, 

design. or w of t h e  drug de l ive rp  aystem vhich may lead t o  an 

mrwamt in its therapeut ic  u t i l i t y .  

2) When t he  drug responoe 

Such 

3) F’hacnuceological responsas 
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DRUG DELIVERY SYSTEMS. I 

a n  be computed from drug inputs. Such r e s u l t s  can be applied to 

predict  drug response vs. time pro f i l e s  f o r  drug delivery systems 

vhose input cha rac t e r i s t i c s  are Imovn. 

from the  manner in which t h e  drug is .drinisterd. t h e  drug delivery 

system is designed, o r  primarily f o r  o r a l  drug products. from the  

r e s u l t s  of predict ive in-vitro drug release testing. 

t h i s  ccmnmlu t ion  w i l l  describe an apparatusuU and its oparatloa 

as an in-vitro drug release test vhich provides r e a u l t s  vhich a r e  

optimally pred ic t ive  of in-vivo b ioabai lab i l i ty  vs. time 
p ro f i l e s .  The manner in  which the use of such in-vi t ro  
drug release t e s t ing  f i t s  i n to  an ideal ized overa l l  scheme 
f o r  approaching the development of drug products possessing 
optimal therapeut ic  u t i l i t y  w i l l  be discussed. 

The lnpnts u y  be known 
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