
DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY, 9 (-71, 1111-1184 (1983) 

QUANTITATIVE, MECHANISTIC AND PHYSIOLOGICALLY REALISTIC 
APPROACH TO THE BIOPHARMACEUTICAL DESIGN 

OF ORAL DRUG DELIVERY SYSTEMS 

Norman F.H. Ho*, Hans P. Merkle** and W i l l i a m  I .  Higuchi***  

"Col lege o f  Pharmacy, The U n i v e r s i t y  o f  M ich igan  
Ann Arbor ,  M I  48109 

* * I n s t i t u t e  f o r  Pharmaceut ical  Technology and Biopharmaceut ics ,  

***College o f  Pharmacy, U n i v e r s i t y  o f  Utah 
S a l t  Lake City, UT 84112 

U n i v e r s i t y  o f  He ide l  berg, H e i d e l  berg, Germany 

INTRODUCTI ON 

The phenomenological and dynamic events  t h a t  a d rug  and i t s  

dosage form ( s o l u t i o n ,  emu1 s ion ,  suspension, tab1 e t ,  capsu le  and/ 

o r  c o n t r o l 1  ed-re1 ease system) undergo a r e  complex. 

a body o f  knowledge o f  adequate b r e a d t h  and dep th  wh ich  r e c o g n i z e s  

There e x i s t s  

a v a r i e t y  o f  f a c t o r s  a f f e c t i n g  t h e  o r a l  b i o a v a i l a b i l  i t y  o f  drugs 

and p o i n t s  o u t  t h e  m u l t i v a r i a b l e  c o m p l e x i t y  o f  t h e  o v e r a l l  s i t u a -  

t i o n '  s2s3. 

physicochemical  and dosage form f a c t o r s  (Tab le  1 ) .  I n  t h e  r e s e a r c h  

and development o f  o r a l  f o r m u l a t i o n s ,  t h e  pharmaceut ical  s c i e n t i s t  

employs v a r i o u s  pathways i n  assess ing b i o a v a i l a b i l i t y  and/or  b i o -  

equiva lence as shown i n  Table 2. 

These f a c t o r s  a r e  commonly grouped i n t o  p h y s i o l o g i c a l ,  

Desp i te  t h e  s o p h i s t i c a t i o n  and 

r a t i o n a l e  u n d e r l y i n g  each avenue i n  p r a c t i c e ,  t h e  approaches, 

when cons ide red  as a whole, l a c k  a programmatic s t r a t e g y  i n  de- 

f i n i n g  d e l i v e r y  problems, s o r t i n g  o u t  t h e  key v a r i a b l e s ,  s e t t i n g  
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1112 HO, MERKLE, AND HIGUCHI 

TABLE 1 

Factors Influencing Bioavailabil i t y  

Physiological Factors 
membrane transport  mechanism 
GI moti l i ty  t ions 
stomach emptying surface-bound enzymes 
disease s t a t e  in tes t ina l  pH gradient 

bil i a r y  and pancreatic secre- 

surface pH 
pharmacological d r u g  e f f e c t s  

Physicochemical Properties of the Drug 
l ipophi l ic i ty  chemical s t a b i l i t y  complexation & b i n d i n g  
molecular s ize  enzymic l a b i l i t y  par t ic le  s i z e  
pKa 

solutions capsules and tab le t s  properties: dis integra-  
emu1 sions control 1 ed-re1 ease t ion time; dissolut ion 
suspensions sys tems ra tes ;  control1 ed-re- 

manufacturing variables 

sol ubi  1 i t y  crystal  form 

Dosage Form Factors 

lease r a t e s  

quantitative boundaries and c r i t i c a l  pathways w i t h i n  which  op t i -  

mization o f  oral formulations may be achieved, and pointing out  

s t ra teg ies  and options i n  d r u g  formulation design on a physico- 

chemical and biophysical basis. This underscores the need to  p u t  

the factors  i n t o  a comprehensive framework tha t  the s c i e n t i s t  can 

more f r u i t f u l l y  and ra t iona l ly  u t i l i z e  i n  the course of designing 

along and optimizing d r u g  formulations. Signif icant  developments 

these l i n e s  a re  f a r  more probable and e f f i c i e n t  i f  they a r e  

approached from a basic standpoint and physically re levant  nfor- 

mation obtained from -- i n  v i t ro  physicochemical, animal and human 

studies a r e  judiciously interfaced,  

T h i s  presentation i s  aimed a t  es tabl ishing the basic frame- 

work by which relevant physicochemical properties,  dosage form 
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ORAL DRUG DELIVERY SYSTEMS 1113 

p r o p e r t i e s ,  g a s t r o i n t e s t i n a l  f a c t o r s  and mass t r a n s p o r t  k i n e t i c s  

a r e  p u t  i n t o  q u a n t i t a t i v e  and mechan is t i c  i n t e r r e l a t i o n s h i p s .  The 

anatomical  r e s e r v e  l e n g t h  concept  f o r  i n t e s t i n a l  d rug  a b s o r p t i o n  

p rov ides  t h e  f o u n d a t i o n  o n  which t h e  f a c t s  and r e l a t i o n s h i p s  o f  

ra te -de te rm i  n i n g  s teps and f a c t o r s  a r e  accommodated. 

ANATOMICAL RESERVE LENGTH CONCEPT 
FOR INTESTINAL AB S OR PT I ON 

General D e s c r i p t i o n  

The anatomical  r e s e r v e  l e n g t h  i s  t h e  l e n g t h  o f  t h e  smal l  i n -  

t e s t i n e  y e t  a v a i l a b l e  f o r  a b s o r p t i o n ,  i .e., t h e  d i f f e r e n c e  between 

t h e  smal l  i n t e s t i n a l  l e n g t h  and t h e  l e n g t h  a t  which t h e  d r u g  i s  

c o m p l e t e l y  absorbed ( F i g .  1 ) .  Thus, 

RL = L - R* (Eq. 1)  

where 

RL = anatomical  r e s e r v e  l e n g t h ,  cm 

L = maximum t h e o r e t i c a l  r e s e r v e  l e n g t h ,  i .e., t h e  l e n g t h  o f  

smal l  i n t e s t i n e  which i s  300-350 cm i n  humans 

R* = l e n g t h  a t  which a b s o r p t i o n  i s  completed, cm 

The f r a c t i o n  o f  smal l  i n t e s t i n e  y e t  a v a i l a b l e  f o r  a b s o r p t i o n  i s :  

L -  L (Eq. 2 )  
U - l - -  R* 

Therefore,  p o s i t i v e  r e s e r v e  1 engths i n d i c a t e  complete a b s o r p t i o n  

i n  t h e  smal l  i n t e s t i n e  and n e g a t i v e  r e s e r v e  l e n g t h s  s i g n i f y  i n -  

complete a b s o r p t i o n .  Here, we have presumed t h a t  t h e  smal l  i n -  

t e s t i n e  i s  t h e  p r i n c i p a l  a b s o r p t i o n  compartment o f  t h e  g a s t r o i n -  

t e s t i n a l  t r a c t  which i s  g e n e r a l l y  t h e  case. 
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1116 HO, MERKLE, AND HIGUCHI 

SLOW ABSORPTION 

k* ‘urn RESERVE L E N G T H  
FOR R A P I D L Y  ABSORBED 

DRUG - L* ,-#RESERVE 4 
LENGTH FOR SLOWLY 
ABSORBED DRUG 

FIGURE 1 
Schematic diagram o f  the anatomical reserve length.  

Studies Supporting the Concept 

The human in tes t ina l  digestion and absorption study by 

Borgstrom e t  a1 .4 o f  a l iquid mixture of homogenized o i l ,  protein 

and glucose i s ,  i n  our o p i n i o n ,  a c lass ical  example o f  the reserve 

length. Here, the principal consti tuents of the meal were com- 

pletely absorbed i n  approximately 100 cm o f  the in tes t ina l  t r a c t  

(Table 3 ) .  

chynotrypsin and amylase) and b i l e  consti tuents (phospholipid and 

b i l e  s a l t s )  were determined a t  d i f f e r e n t  leve ls  o f  the small intes- 

t ine  t o  cor re la te  digestion w i t h  absorption. 

average length o f  the human small i n t e s t i n e ,  the reserve length 

i s  about 225 cm or 70% o f  the small in tes t ine .  

o f  the bioavailabil i  t y  o f  d r u g s ,  other human intubation s tudies  

which determined the extent of absorption o f  glucose, chenodeoxy- 

The concentrations of pancreatic enzymes ( t ryps in ,  

Taking 325 cm as  the 

From the viewpoint 
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ORAL DRUG DELIVERY SYSTEMS 1117 

chol  i c  a c i d ,  h i g h l y  l i p o p h i l i c  s t e r o i d s  and m e t o p r o l o l  t a r t r a t e  

s o l u t i o n s  f rom samples r e t r i e v e d  a t  d i f f e r e n t  l e n g t h s  a l o n g  t h e  

g a s t r o i n t e s t i n a l  t r a c t  a r e  seen i n  Table 3 t o  be e x c e l l e n t  

a d d i t i o n a l  exampl es o f  p o s i t i v e  r e s e r v e  1 ength s i t u a t i o n s  f o r  

s o l u t e s  which a r e  r a p i d l y  absorbed. 

t h e  compounds a r e  r e p r e s e n t a t i v e s  o f  a v a r i e t y  o f  mechanisms b y  

I t  i s  a l s o  i n t e r e s t i n g  t h a t  

which t h e y  a r e  absorbed. 

d i g e s t e d  by p a n c r e a t i c  and membrane-bound enzymes t o  g lucose and 

amino a c i d s  which, i n  t u r n ,  a r e  a c t i v e l y  t r a n s p o r t e d .  

Sugars and p r o t e i n s  must  i n i t i a l l y  be 

T r i g l y c e r -  

i d e s  a r e  d i g e s t e d  by p a n c r e a t i c  l i p a s e s  t o  f a t t y  a c i d s ,  s o l u b i l i z e d  

and c a r r i e d  t o  t h e  membrane s u r f a c e  b y  b i l i a r y  b i l e  a c i d  m i c e l l e s  

and then  permeate t h e  i n t e s t i n a l  membrane as f r e e  f a t t y  a c i d s .  

Chenodeoxycholic a c i d  i s  absorbed p a s s i v e l y  i n  t h e  duodenum and 

je junum and a c t i v e l y  i n  t h e  i l eum,  whereas t h e  s t e r o i d s  and meto- 

p r o l o l  a r e  p a s s i v e l y  absorbed. 

Under t h e  c o n d i t i o n s  o f  s teady -s ta te ,  through-and- through 

pe r fus ion  o f  a n  i n t e s t i n a l  segment, t h e  f r a c t i o n  o f  membrane per-  

meable s o l u t e s  rema in ing  i s  g i v e n  by 1 0  

2mR Pe # = exp (- 
Q ) 

where 

C(R) = o u t f l o w  c o n c e n t r a t i o n  a t  i n t e s t i n a l  l e n g t h  

C(0) = i n f l o w  c o n c e n t r a t i o n  f rom an i n f i n i t e  r e s e r v o i r  

r, R = i n t e s t i n a l  r a d i u s  and l e n g t h ,  cm, r e s p e c t i v e l y  

3 

Pe = e f f e c t i v e  permeabi l  i ty  c o e f f i c i e n t ,  cm/sec 

Q = b u l k  f low r a t e ,  cm /sec 
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ORAL DRUG DELIVERY SYSTEMS 1121 

The p e r m e a b i l i t y  c o e f f i c i e n t  can be r e a d i l y  c a l c u l a t e d  by u s i n g  

Pe - - - LP,~-$# Em-R 

and i s  f u r t h e r  d e l i n e a t e d  by t h e  f o l l o w i n g  exp ress ion  t h a t  t akes  

i n t o  account  t h e  aqueous boundary l a y e r  b a r r i e r  i n  s e r i e s  w i t h  t h e  

membrane: 

1 = +. (Eq. 5) 
- +1 + Paq'pm 
'aq 'm 

'e 

where 

P = p e r m e a b i l i t y  c o e f f i c i e n t s  o f  t h e  aqueous boundary 'aq, m 
l a y e r  and membrane, cm/sec, r e s p e c t i v e l y  

The b u l k  f l o w  r a t e  Q i s  r e l a t e d  t o  t h e  l i n e a r  v e l o c i t y ,  f3 cm/sec, 

and c r o s s - s e c t i o n a l  area : 

2 
(Eq. 6) Q = a r  f3 

The mean t r a n s i t  t ime, < t >  secs, which i s  t h e  t i m e  a t  wh ich  50% 

o f  t h e  d rug  l e a v e s  an i n t e s t i n a l  segment, i s :  

F i n a l l y ,  t h e  s t e a d y - s t a t e  f r a c t i o n  absorbed i s  expressed b y  

%I F.A. = 1 - 
These equat ions can be a p p r o p r i a t e l y  a p p l i e d  t o  many a b s o r p t i o n  

s t u d i e s  c a r r i e d  o u t  i n  i n t u b a t e d  humans and animal models i n  which 

t h e  t e s t  compound i s  c o n s t a n t l y  i n f u s e d  from an i n f i n i t e  r e s e r v o i r .  

The p h y s i c a l  model i s  p r e d i c t i v e  o f  t h e  q u a n t i t a t i v e  i n t e r p l a y  o f  

t h e  f r a c t i o n  o f  d rug  absorbed, i n t e s t i n a l  l e n g t h ,  b u l k  f l o w  r a t e ,  

1 i n e a r  f l o w  v e l o c i t y ,  t r a n s i t  t ime, e f f e c t i v e  p e r m e a b i l i t y  

c o e f f i c i e n t  o f  t h e  aqueous boundary l a y e r ,  membrane p e r m e a b i l i t y  
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1122 HO, MERKLE, AND HIGUCHI 

AMINO AC 

AS N2 
IDS 

FORMULA GAA 
FLOW RATE 3,6 ML/MIN 

SLUCOSE 

W CT 

100 
W 

20 50r 
FORMULA GPL 
FLOW RATE 3.2 ML/MIN I 

PROTEIN 
A S  N2 

\ 0 
y> 

GLUCOSE 

L I P I D  

10 I I I I 
0 35 70 105 

JEJUNAL LENGTH, CM 

FIGURE 2 

Human absorption o f  two nutri t ion formulations containing glucose, 
amino acids ,  proteins and l i p i d s  by s t e  dy-state perfusion and 
sampling a t  various intest inal  lengths 18 . 

and solute  l ipophi l ic i ty .  Considerations o f  ionic equi l ibr ia  and 

transport  mechanisms a r e  a1 so readi ly  accommodated. 

I n  F i g .  2 the f ract ions o f  glucose, aminoacids, proteins and 

l i p i d s  remaining i n  intubated human subjects a re  seen to be nearly 

semilogarithmically l inear  w i t h  in tes t inal  length i n  accordance 

w i t h  Eq. 3 11 . As can be seen i n  F i g .  3 ,  the semilogarithmic re la -  
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ORAL DRUG DELIVERY SYSTEMS 1123 

FLOW RATE, ML/MIN 
1 .o 

K K O  0,494 

0 0,247 
0.7 I . \  HYDROCORTISONE 

0,494 

\ 0,247 
JEJUNUM 

PROGESTERONE 

0.3 1 I I I 
0 t o  20 30 40 

INTESTINAL LENGTH, CM 

FIGURE 3 

Semi loga r i t hm ic  p l o t  o f  t h e  s t e a d y - s t a t e  f r a c t i o n  o f  s t e r o i d s  r e -  
ma in ing  i n  v a r i o u s  a t  i n t e s t i n a l  l e n g t h s  as a f u n c t i o n  o f  f l u i d  
f l o w  r a t e s  a t  pH 6 16 , 

t i o n s h i p  i s  a1 so apparent  f o r  h y d r o c o r t i s o n e  and progesterone 

t h e  r a t  j e junumlo .  

The r e s u l t s  o f  t h e  f r a c t i o n  absorbed f o r  d i l u t e  s o l u t i o n s  

s t e r o i d s  v a r y i n g  i n  l i p o p h i l i c i t y ,  e.g., n -oc tano l /wa te r  p a r t i  

n 

o f  

i o n  

c o e f f i c i e n t ,  show s igmo ida l  shape p r o f i l e s  f o r  v a r i o u s  f l o w  r a t e s  

( F i g .  4 ) .  

absorbed i s  l a r g e r  when t h e  t r a n s i t  t imes a r e  l o n g e r .  

I n  these r a t  s t u d i e s  i t  i s  e v i d e n t  t h a t  t h e  f r a c t i o n  

Furthermore, 
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0.6 

0 
W a 

% 
m a 
0 
a 

0.4 

z 
I- u 

0.2. 

CORT ICOSTERONE 

TESTOSTERONE PROGESTERONE 

J J 5  DEOXVCORTICOSTERONE 

ANOROSTENEDIONE 6 n 7117 

0.494 

FLOW RATE 

OEXAMETHASOHE ML/M I N 

JEJUNUM 3 3 . 3  CM 

HYDROCORT I SON€ 

I I I I I 

O I I  1 .o I 2.0 3.0 4.0 

LOG PARTITION COEFFICIENT (N-OCTANOL/WATER) 

FIGURE 4 

The i n f l u e n c e  o f  t h e  l i p o p h i l i c i t y  o f  v a r i o u s  s t e r o i d s  on t h e  
s teady -s ta te  f r a c t i o n  a b s o r p t i o n  i n  t h e  r a t  je junum a t  pH 6.0. 

e f f e c t i v e  p e r m e a b i l i t y  c o e f f i c i e n t  versus l o g  p a r t i  t i o n  c o e f f i c i e n t  

p l o t  i n  F i g .  5 p rov ides  i n s i g h t  t o  t h e  mechan is t i c  r e l a t i o n s h i p  o f  

t h e  p e r m e a b i l i t y  c o e f f i c i e n t s  o f  t h e  aqueous boundary l a y e r  and 

t h e  membrane t o  t h e  e f f e c t i v e  p e r m e a b i l i t y  c o e f f i c i e n t  (see Eq .  5 ) .  

When t h e  a b s o r p t i o n  process i s  e s s e n t i a l l y  membrane-control1 ed a s  

i n  t h e  case o f  h y d r o c o r t i s o n e  (Pm << P 

b i l i t y  i s  i n s e n s i t i v e  t o  f l o w  r a t e ;  however, when d i f f u s i o n  a c r o s s  

t h e  aqueous boundary l a y e r  i n  f r o n t  o f  t h e  mucosal membrane i s  t h e  

) ,  t h e  e f f e c t i v e  permea- 
aq 

r a t e - c o n t r o l 1  i n g  s t e p  as f o r  t h e  case o f  deoxyco r t i cos te rone ,  

t e s t o s t e r o n e  and progesterone, t h e  effec ti ve permea b i  1 i ty  i s 

s e n s i t i v e  t o  f l o w  r a t e s .  The h i g h e r  t h e  f l ow  r a t e ,  t h e  s m a l l e r  
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2'ol JEJUNUM 33.3 CM 

PROGESTERONE 
s 

DEOXVCORT ICOSTERONE TESTOSTERONE 0 
ANDROSTENEDIONE 

:OaqN 
Gi ' 0.247 0 

FLOW RATE CORTICOSTERONE 

DEXAMETMASONE ML/M IN 

HYDROCORT I SONE 

" 1.0 2,o 3.0 4,o 
LOG PARTITION COEFFICIENT (N-OCTANOL/WATER) 

FIGURE 5 
The influenceof,  1 ipophi l ic i ty  of various s te ro ids  on the e f fec t ive  
permeability coeff ic ient  of  the r a t  jejunal membrane. 

the e f fec t ive  thickness o f  the aqueous boundary 1 ayer becomes. 

Thus, the fract ion of s teroids  absorbed i n  the plateau regions i n  

F i g .  4 i s  aqueous boundary 1 ayer-control1 ed. 

Barreiro e t  a1 ... followed the in tes t ina l  mot i l i ty  pattern,  5 

peak t r a n s i t  time and steady-state absorption o f  xylose, a 

passively absorbed pentose sugar, concurrently i n  the human 

jejunum. W i t h i n  the s c a t t e r  of the data as  shown i n  F i g .  6 ,  rapid 

mot i l i ty  i s  accompanied by decreasing t r a n s i t  time and increasing 

fract ions of xylose absorbed are  re la ted t o  longer t r a n s i t  times. 

W i t h  the use of Eqs. 4 and 7 and radius r 1 cm to ca lcu la te  the 

effect ive permeability coef f ic ien t ,  i t  i s  found i n  F i g .  7 t h a t  Pe 

i s  influenced by the t r a n s i t  time through the e f f e c t  of the flow 
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CI 
W 

0 
m 

m s 
< 
W 
u) 

2 
X 

dr 

100- 

80- 

80- 

70 - 
Peak Transit Time, min 

HO, MERKLE, AND HIGUCHI 

0 
3 

012 

7 1 I I 

4 8 12 16 20 24 

PEAK TRANSIT TIME ACROSS 25 cm JEJUNUM, rnin 

FIGURE 6 
The e f f e c t  of moti l i ty  of the jejunum on the peak t r a n s i t  time of 
a solute  marker and steady-state absorption of xylose5. The data 
shows in te r -  and intra-subject  variations i n  12 human volunteers 
each ident i f ied by a number. Each subject  was fasted overnight 
and intubated for  the steady-state perfusion and moti l i ty  s tud ies .  
The curve i n  the xylose plot  i s  the theoretical  curve obtained by 
computer f i t t i n g  of the physical model described i n  the tex t .  

velocity on the aqueous boundary layer thickness. 

F i g .  7 a r e  i n  reasonable agreement w i t h  the computer f i t t e d  curve 

obtained by nonlinear regression analysis o f  the following expres- 

sion comparable t o  Eq. 5: 

The data i n  

I - - 
1 'e k 8-n 

t -  
D 'm 

where 
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ORAL DRUG DELIVERY SYSTEMS 1127 

1 2 3 4 6 6 7 

LINEAR FLOW VELOCITY, cm/mln 

FIGURE 7 
Change i n  the e f fec t ive  permeability coeff ic ient  of xylose i n  the 
human jejunum w i t h  flow velocity.  The data were generated from 
Fig .  6 and the curve was obtained by nonlinear computer f i t  of 
Eq. 9.  

Pm = membrane permeability coef f ic ien t  which i s  2 . 8 4 ~ 1 0 - ~  
cm/sec for  xylose 

= D/k f3-n, cm/sec 
= permeability coeff ic ient  of  the aqueous boundary layer pa 9 

D = aqueous diffusion coef f ic ien t ,  which i s  1 . 1 3 ~ 1 0 - ~  
2 cm /sec for  xylose a t  37°C 

k = a parameter descr ipt ive of the geometry of the in tes t ina l  
lumen and kinematic viscosi ty ,  which is  5x10' when the 
flow velocity f3 i s  expressed i n  cm/min 

n = a constant which i s  0 .5  

In turn, the Pe was used t o  generate the theoretical  curve i n  the 

f ract ion absorbed versus < t >  plot i n  F i g .  6 using 

F.A.  = 1 - exp ( - pe < t '  
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HO, MERKLE, AND HIGUCHI 

LINEAR FLOW VELOCITY, CM/MIN 

FIGURE 8 
R e l a t i o n s h i p  o f  t h e  e f f e c t i v e  aqueous boundary l a y e r  t h i c k n e s s  
w i t h  f l o w  v e l o c i t y  i n  t h e  je junum o f  a n e s t h e s t i z e d  r a t s  and human 
i n  v i  vo . -- 

F i g u r e  8 shows a comparison o f  t h e  r e l a t i o n s h i p  o f  t h e  

boundary l a y e r  t h i c k n e s s  and f l u i d  f l o w  v e l o c i t y  between t h e  human 

and r a t .  When t h e  e f f e c t i v e  th i ckness ,  6, i s  expressed i n  microns 

and 6 i n  cm/min, 
-0.5 

Human: 6 = 500 6 

-0.4 Rat:  6 = 1000 B 

The va lues o f  6 and B should be vi-.ded as u s e f u l  q u a n t i t i e s  w i t h i n  

t h e  hydrodynamic c o n d i t i o n s  t h e y  were measured. The r e l a t i o n s h i p s  

were determined i n  i n t u b a t e d ,  m o t i l e  je junum i n  man 5 and per fused,  

d is tended,  i s o l a t e d  je junum segments i n  anesthes ized r a t s l o .  
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ORAL DRUG DELIVERY SYSTEMS 1129 

Physical Model Description of the Reserve Length for  Pharmaceutical 
Sys tems 

In t h i s  section we describe the key physicochemical , physio- 

logical and dosage form factors  and t h e i r  mathematical re la t ion-  

ships w i t h i n  the comprehensive framework of the anatomical reserve 

length. As we proceed, two major assumptions a r e  made. The 

portion of the gastrointest inal  t r a c t ,  i n  which we s t r i v e  t o  a t t a i n  

90 t o  95% d r u g  absorption, i s  confined t o  the small i n t e s t i n e s .  

T h i s  does n o t  necessarily exclude the stomach and large i n t e s t i n e  

as potent ia l ly  important compartments. Next, i n  t h i s  i n i t i a l  

writ ing,  we assume the small i n t e s t i n e  to be homogeneous for  

simp1 i f i c a t i o n ,  a1 t h o u g h  we are  cognizant of various physiological 

el ements tha t  di  s t i  ngui shes the duodenum, jejunum and i 1 eum from 

each other.  

surmountabl e problem for  i t  coul d be overcome by i ntegra t i  n g  over 

the small in tes t ine  taken a s  piece-wi se homogeneous segments. 

However, accounting for  heterogeniety is  not an i n -  

A .  Solu t ions .  The reserve length a t  which 95% of  the d r u g  
12,13,14. i n  solution i s  absorbed is given by 

L -  'Go1 n 

3Br 3a = L -  - - -  * 'e B 

where 

R:oln = in tes t ina l  length a t  which 95% of the d r u g  i n  solu- 
t i o n  i s  absorbed, cm 

B = l i n e a r  flow velocity,  cm/sec 

r = in tes t ina l  radius,  cm 
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1130 HO, MERKLE, AND HIGUCHI 

Pe = e f f e c t i v e  p e r m e a b i l i t y  c o e f f i c i e n t ,  cm/sec 
2 ct = a x i a l  d i s p e r s i o n  c o e f f i c i e n t ,  cm /sec 

A x i a l  d i s p e r s i o n  c o e f f i c i e n t s  i n  t h e  human i n t e s t i n e  range from 

0.1-0.5 cm /sec f o r  l i n e a r  v e l o c i t i e s  o f  0.7-5 cm/min. 

3a/B i s  s u f f i c i e n t l y  smal l  and c o u l d  be i gno red .  

t i o n s  o f  Pe a r e  found i n  Table 4 f o r  a v a r i e t y  o f  d r u g  molecules 

and t r a n s p o r t  mechanisms. 

2 I n  p r a c t i c e ,  

F u r t h e r  d e s c r i p -  

B .  Suspensions. The r e s e r v e  l e n g t h  f o r  e s s e n t i a l l y  mono- 

d i spe rsed  suspensions undergoing c o n c u r r e n t  f l u i d  and p a r t i c l e  

f l ow ,  d i s s o l u t i o n  and a b s o r p t i o n  i s  expressed by 15.  . 

where 

3 

a, = i n i t i a l  p a r t i c l e  r a d i u s ,  cm 

p = d e n s i t y  o f  t h e  drug,  gm/cm 

2 D = aqueous d i f f u s i o n  c o e f f i c i e n t ,  cm /sec 

S = e f f e c t i v e  d rug  s o l u b i l  i t y ,  gm/cm 3 

B ,  B p  = l i n e a r  v e l o c i t y  o f  t h e  f l u i d  and p a r t i c l e s ,  

respec ti v e l  y , cm/sec 

M = dose, gm 

and t h e  o t h e r  parameters have been p r e v i o u s l y  d e f i n e d ,  The Rcoln 
i s  t h e  same as Eq. 11 and !LEarticle, t h e  l e n g t h  a t  wh ich  t h e  par-  

t i c l e s  a r e  c o m p l e t e l y  d i s s o l v e d ,  i s  comprised o f  a d i s s o l u t i o n  
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ra te -con t ro l1  ed term and a membrane-control l ed ,  dose-dependent 

term. I f  the  suspension s l u r r y  i s  very  d i l u t e  and t h e  e f f e c t i v e  

permeab i l i t y  i s  l a rge ,  one gets the  reserve  l eng th  fo r  the d isso-  

l u t i o n  r a t e - c o n t r o l l e d  case: 

I t  i s  r e a d i l y  seen i n  Eqs. 12 and 13 t h a t  

Lim (RL)sUsp = (RL),,1 

a2/s + o 
( E q .  14)  

S - t w  

which, f o r  example, i s  brought about by us ing  submicron p a r t i c l e s  

and h i g h l y  so lub le  forms o f  the drug. 

The v e l o c i t i e s  o f  the  f l u i d  and the  p a r t i c l e s  ma$ be very  

d i f f e r e n t .  The p a r t i c l e s  can l a g  behind t h e  fas te r  moving l i q u i d  

i n  a s e t t l i n g  suspension t o  b r i n g  about longer  mean t r a n s i t  t imes 

f o r  p a r t i c l e s  i n  the f low ing  l i q u i d 1 6 .  More d iscuss ion  w i l l  fo l low 

l a t e r .  

always f resh  l i q u i d  i n  the  i n t e s t i n a l  t r a c t  t o  rep lace  t h a t  

f l ow ing  f a s t e r  than the  p a r t i c l e s .  

I n  the  above equations, we have assumed t h a t  t he re  i s  

C. B i o a v a i l a b i l i t y  and Bioequivalence. The reserve  l eng th  

i s  an assessment o f  b i o a v a i l a b i l i t y ,  which may be de f ined as the  

r a t e  and ex ten t  o f  absorpt ion.  

i n  complete absorp t ion  o f  the dose wh i l e  the  e f f e c t i v e  permea- 

b i l i t y  c o e f f i c i e n t  o f  the  so lu te  permeant and a l s o  t h e  d i s s o l u t i o n  

ra te ,  i n  the  case o f  suspensions, i n f l uence  the  absorp t ion  ra te .  

Bioequivalence i s  then the  comparison o f  the  b i o a v a i l a b i l i t y  o f  

A p o s i t i v e  reserve l e n g t h  r e s u l t s  
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ORAL DRUG DELIVERY SYSTEMS 1133 

d r u g  products containing the same amounts o f  therapeut ical ly  

act ive ingredients and administered i n  the same dosage regimen. 

Accordingly, 
(RL), 

Bioequivalence - ( E q .  ,151 --- = l S 0  

(W, > 
Bioinequivalence = < 1.0 

s t d  

where the reserve length may be appropriately expanded 

ma thema t i  cal l  y . 
In s t r iv ing  t o  p u t  b ioavai labi l i ty  and improvement of d r u g  

formulations on a quant i ta t ive,  predictive and mechanistic plane 

of understanding w i t h i n  the in tes t ina l  t r a c t ,  the reserve l e n g t h  

approach d i f f e r s  from the conventional approach taken to  evaluate 

and optimize d r u g  formulations which i s  based on ( a )  blood ( o r  

plasma) concentration o f  the d r u g  versus time measurements i n  man 

or animals, ( b )  subsequent pharmacokinetic analysis to  obtain 

pseudo-first-order absorption r a t e  constants,  and ( c )  seeking 

-- i n  v i t ro  disintegration/dissolution r a t e  correlat ions w i t h  i n  v i v o  

absorption inferr ing tha t  dissolution of solid dosage forms i s  

the rate-determining step.  

s t a n t  i s  an i l l -def ined descriptor of  a host of concurrent events,  

i . e . ,  d is integrat ion and dissolut ion,  stomach emptying, f lu id  and 

par t ic le  flow, membrane t ransport ,  physicochemical interact ions 

in the intest inal  lumen, e tc .  Overall,  the conventional approach 

leads t o  empirical s t ra teg ies  toward improving  the bioavai labi l i ty  

of d r u g  formulations. 

Here, the pseudo-absorption r a t e  con- 

The reserve length approach does not pre- 
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11 34 HO, MERKLE, AND HIGUCHI 

clude the use of appropriate i n  vitro dissolut ion and blood level 

measurements; however, i t  serves a s  a rational means i n  b r i d g i n g  

the g a p .  I t  should be obvious t h a t ,  unlike the assessment of 

bioavailabil i t y  through blood 1 eve1 -time s tudies ,  considerations 

of stomach emptying r a t e s ,  t i s sue  d i s t r i b u t i o n  and elimination 

-- 

kinetics do n o t  enter  i n t o  the def ini t ion of bioavai labi l i ty  

according to  the reserve length concept since only those factors  

related t o  the in tes t ina l  length a t  which the d rug  i s  90-95% 

absorbed are  o f  concern. 

THEORETICAL APPLICATION O F  THE RESERVE LENGTH 
IN OPTIMIZING THE BIOPHARMACEUTICAL 

DESIGN OF ORAL FORMULATIONS 

In t h i s  section we show simple applications of the reserve 

1 ength concept t o  the biopharmaceutical design o f  oral formula- 

t ions.  

much a s  possible. 

important physicochemical and physiologically based parameters 

i n  our calculat ions,  we a l so  review the pertinent l i t e r a t u r e  for  

what i s  known about the permeability coeff ic ients  of d r u g s  i n  

the human in tes t ine  and flow r a t e s  and t r a n s i t  times of solute  

and par t ic le  markers. 

intest inal  mot i l i ty  are  discussed w i t h i n  the context of  the 

reserve 1 ength. 

Sol utions 

We s t r i v e  t o  use r e a l i s t i c  examples and s i tua t ions  a s  

To s e t  quant i ta t ive boundaries t o  many of the 

The e f f e c t s  o f  food and drugs on gastro- 

One of the essential  parameters of the reserve length i s  

the effect ive permeability coeff ic ient  o f  the d r u g  solute  for 
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ORAL DRUG DELIVERY SYSTEMS 1135 

the aqueous boundary layer and membrane. This i s  readi ly  calcu- 

la ted from experiments involving the steady-state perfusion of 

d rug  solutions w i t h i n  defined in tes t ina l  segments i n  intubated 

humans or large animals (dog and monkey). Table 5 l i s t s  permea- 

b i l i t y  coeff ic ients  of a var ie ty  of solutes  i n  the human i n t e s -  

t ines  ranging from 0.1-9 x los4 cm/sec. These estimates should 

be considered from the viewpoint tha t  the external pump flow ra tes  

were employed i n  the calculat ions by E q .  4 .  

and Dillard e t  a1.17 have shown, the pump flow r a t e s  can be qui te  

d i f fe ren t  from the average flow ra tes  due t o  the p e r i s t a l t i c  

a c t i v i t y  i n  the small in tes t ines .  In our judgment, the maximum 

Pe should be no more than 5 x cm/sec under maximum -- i n  v ivo  

flow conditions and this upper l i m i t  would correspond t o  the per- 

meabil i t y  coef f ic ien t  of the aqueous boundary layer  for  highly 

membrane permeable molecules ( f o r  exampl e ,  progesterone, glucose 

and amino a c i d s ) .  

5 As Barrier0 e t  a l .  

To i l l u s t r a t e  the in te r re la t ionship  of the f low veloci ty  

and ef fec t ive  permeability coef f ic ien t  on the reserve length,  

l e t  us rearrange E q .  11 a s  follows: 

Here, B*  i s  the c r i t i c a l  flow velocity j u s t  above which the re -  

serve 1 eng t h  ( RL) sol 

coeff ic ient  P,, i s  smaller than s t a t e d .  

i s  the length a t  which absorption i s  e f fec t ive ly  completed. 

the small in tes t ina l  length L = 325 cm and average radius r = 1 cm, 

the graph of B* versus Pe for  ( R L ) S o , n  = 0 ,  100, 200 and 300 cm 

for  a d r u g  so lu te ,  having a permeability 

The term, L - ( R L ) S o l n ,  

W i t h  
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PERMEABILITY COEFFICIENT, cmlsec ( x 10 '1 

FIGURE 9 
Interrelat ionship o f  f luid flow velocity and ef fec t ive  permeability 
coeff ic ient  on the reserve length of drugs i n  solut ion.  The rec- 
tangular box defines the range of veloci t ies  and permeability co- 
e f f ic ien ts  found i n  man. 

i s  displayed i n  Fig. 9 .  

t e r e s t  bounded by f3* ranging from 0.5 t o  5 cm/min and Pe from 

1 x loe5 t o  5 x 

t o  human s i tuat ions.  

The shaded p o r t i o n  i s  the area of i n -  

cm/sec. These ranges of values a re  relevant 

Complete absorption i s  predicted i n  t h a t  
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ORAL DRUG DELIVERY SYSTEMS 1139 

part  of the shaded area below the RL = 0 l i n e ,  i .e. ,  the zero 

reserve length l i n e .  Therefore, the shaded area above the zero 

reserve length l i n e  means incomplete absorption w i t h i n  the small 

in tes t ine  -- .a negative reserve length s i tua t ion .  Consequently, 

drugs having low permeability coeff ic ients  of 1 - 4 x lom5 cm/sec 

( f o r  example, small hydrophilic molecules traversing the membrane 

via the aqueous pore pathway or drugs reversibly bound t o  polymers 

and micelles) may be completely absorbed only a t  low flow veloci-  

t i e s ;  otherwise, a t  reasonably higher ve loc i t ies  absorption i s  

complete somewhere beyond the ileoceacal junction. In cont ras t ,  

drugs having higher Pe 2 1 x 

dicted l imi t s  of complete absorption and, even a t  h i g h  flow veloci- 

t i e s ,  there will s t i l l  be excess g u t  length l e f t  for  absorption. 

In Fig .  9 ,  predictions a r e  made for  hydrocortisone and 

cm/sec remain w i t h i n  the pre- 

progesterone i n  d i l u t e  solutions and supported by human absorption 

studies (Schedl ,1965)*.  Their physicochemical and in tes t ina l  

transport  properties are  found i n  Table 6. 

permeable than progesterone which i s  an aqueous boundary 1 ayer- 

control 1 ed permeant. 

Hydrocortisone i s  l e s s  

Finally, i n t e r -  and intrasubject  variations on ( R L ) s o l  

should be discussed. Drug molecules flow exactly a s  the charac- 

t e r i s t i c s  of the current of f luid flowing down the t r a c t .  

this perspective, the marked variations i n  flow ve loc i t ies  (1 t o  

7 cm/min) w i t h i n  and between human volunteers5 (see F i g s .  6 and 7)  

will have a substantial  influence on the v a r i a b i l i t y  o f  (RL),,,,,. 

The influence i s  largely through the t r a n s i t  time and l e s s  t h r o u g h  

the aqueous boundary layer  e f fec ts  on Pe. 

From 
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ORAL DRUG DELIVERY SYSTEMS 1141  

S u s pens 1 on s 

H i g h  s lur ry  density suspensions. Let us consider the reserve 

length for suspensions which i s  expressed by E q .  12 and repeated 

Upon se t t ing  ( R L ) S u s p  = 0 ,  we get  

where B *  i s  the c r i t i c a l  flow velocity of the par t ic les .  A t  

par t ic le  ve loc i t ies  greater than B*  
P 

the reserve length i s  negative. 
P'  

Because hydrocortisone i s  about 3-fol d 1 ess membrane permeable 

and 20-fold more soluble than progesterone ( see  Table 6 ) ,  these 

s teroids  of contrasting properties provide good examples for  the 

reserve length discussions of suspensions. 

plots were constructed for  specified f lu id  flow ve loc i t ies  of 0.5 

and 1.0 cm/m n and par t ic le  s izes ,  

par t ic le  rad i below 10 microns a re  essent ia l ly  l i n e a r .  Here, 
2 the par t ic le  s i z e  e f fec t  via the term, p a o / 2 0 S ,  i s  negligible 

so tha t  the logarithmic form of E q .  18 becomes 

Log B* versus log M 

In F i g .  10 the prof i les  for 

Thus, a t  r e l a t i v e l y  h i g h  doses the dissolution o f  par t ic les  flow- 

i n g  down the t r a c t  i s  controlled by the membrane permeability,and 

par t ic le  veloci t ies  much smaller than the f luid ve loc i t ies  a r e  

required to  a t t a i n  positive reserve lengths.  O n  the other hand, 
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FIGURE 10 
I l l u s t r a t i o n  o f  the required f l o w  veloci t ies  o f  progesterone and 
hydrocortisone par t i  cl es a t  gi  ven f l  u i  d flow vel oci t i e s  i n  order 
t o  attal’n complete absorption w i t h i n  t he  small i n t e s t i n e  for  
re la t ive ly  concentrated suspenslons varying i n  dose. 
par t ic le  velocity is the velocity beyond which the reserve length 
i s  negative, 

The c r i t i c a l  

the prof i les  for par t ic le  radi i  greater than 50 microns and, 

par t icular ly  a t  low doses, deviate from 1 inear i ty  toward smaller 

f3;; the deviation r e f l e c t s  the increasing contribution of par t ic le  

s i z e  on dissolution and concurrent absorption. 

The interest ing feature of the theoretical  calculat ions i s  

In blood level the influence o f  the dose on the reserve length. 

pharmacokinetics of o r a l l y  administered suspensions, apparent 
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ORAL DRUG DELIVERY SYSTEMS 1143 

dose e f fec ts  a r e  usually a t t r ibu ted  t o  nonlinear saturat ion absorp- 

t i o n  kinetics a t  the mmbrane leve l .  

the e f fec ts  of  dose may be largely related t o  membrane-controlled 

dissolution of the par t ic les  and changes toward smaller reserve 

lengths. 

achieve complete absorption i n  the small in tes t ine  dramatically 

decreases w i t h  increasing dose. 

The theory indicates t h a t  

Furthermore, the maximum par t ic le  velocity f3*  t o  
P 

Between hydrocortisone and progesterone, their differences 

i n  the fi* a t  any corresponding dose l i e  i n  the interplay of  Pe ,  

S and fi and could be readi ly  understood w i t h  the a id  of E q .  1 9 .  

For example, a t  the 1 mg dose of l e s s  than I0 micron radius 

par t ic les  and f3 = 1 cm/min case, f3* i s  about 0.1 cm/min for  pro- 

gesterone and 0.05 cm/min for  hydrocortisone. 

Pe o f  the progesterone solute  suf f ic ien t ly  compensates for  the 

low so lubi l i ty  as  compared t o  t h a t  for  hydrocortisone. In te r -  

es t ingly,  the f3*  for progesterone i s  about 0.1 cm/min for  f lu id  

ve loc i t ies  f3 o f  0.5 and 1.0 cm/min, while f3* for  hydrocortisone 

i s  about 0.7 cm/min for f3 = 0.5 cm/min,and 0.05 cm/min for  

f3 = 1 cm/min. 

plete  absorption for the highly membrane permeable progesterone 

i s  somewhat insensi t ive t o  reasonable ranges of f luid flow veloci- 

t i e s .  In cont ras t ,  the 1 ess  membrane permeable hydrocortisone re-  

quires par t ic le  ve loc i t ies  o f  about l G t o  20-fold smaller when the 

f luid ve loc i t ies  a re  only doubled. 

P 

P 
Here, the h i g h  

P 

P 

Hence, the required par t ic le  flow velocity for  com- 

As a r e s u l t  of our  theoretical  analyses, the phenomena of 

simultaneous par t ic le  flow i n  the f luid stream and plating out  
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1144 HO, MERKLE, AND HIGUCHI 

of  par t ic les  a l o n g  the surface of the small in tes t ina l  t r a c t  have 

appealing features i n  solving a var ie ty  of problems associated 

w i t h  the bioavai labi l i ty  of oral  suspensions of h i g h  doses and 

low water soluble drugs. We estimate tha t  i f  the h o l d u p  of 

par t ic les  a t  the surface occurs t o  the extent  tha t  the e f fec t ive  

par t ic le  velocity i s  

we will have taken a s ignif icant  s tep i n  overcoming the disad- 

vantages of wide variations i n  f luid flow and, consequently, 

achieving predictable and uniform bioavai lab i l i ty  i n  humans. 

t h i s  could be achieved i s  a gap area for  research. 

Very d i l u t e  s lur ry  density suspensions. 

1% of the normal range of f lu id  v e l o c i t i e s ,  

How 

We now turn t o  the 

very d i l u t e  suspension case i n  which there i s  no s lur ry  concen- 

t r a t i o n  e f fec ts  on the dissolution r a t e  and absorption. 

reserve length expression appropriate for t h i s  case i s  E q .  1 3  

which was previously described. 

The 

Using the examples of progesterone a n d  hydrocortisone, F ig .  

11 shows the reserve length versus par t ic le  radius for  which the 

par t ic le  velocity,  6 

8 .  In general, the reserve length gets progressively smaller 

w i t h  increasing par t ic le  s ize  a t  a much f a s t e r  pace for proges- 

terone a s  compared t o  hydrocortisone. This i s  a t t r ibu ted  

principally t o  the lower s o l u b i l i t y  and, hence, the lower disso- 

lut ion r a t e  of progesterone par t ic les  despi te  the f a c t  t h a t  pro- 

gesterone molecules a re  much more membrane permeable than t h a t  

for  hydrocortisone. The plateau regions indicate  t h a t  the ra te -  

determining s tep i s  the transport  of the solute  across the 

i s  taken t o  be equal t o  the f lu id  veloci ty ,  P’ 
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FIGURE 11 
I l l u s t r a t i o n  of  the influence of p a r t i c l e  radius and flow velocity 
on the reserve length of very d i l u t e  suspensions of progesterone 
and hydrocortisone. The par t ic le  and f luid ve loc i t ies  a r e  taken 
t o  be equal. 
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1146 HO, MERKLE, AND H I G U C H I  

aqueous boundary l a y e r  and membrane, w h i l e  t h e  dec reas ing  r e g i o n s  

re f1  e c t  t h e  i n c r e a s i n g  r o l e  o f  t h e  d i s s o l u t i o n  s t e p  w i t h  i n c r e a s i n g  

p a r t i c l e  s i z e .  

terone,  t h e  p l a t e a u  r e g i o n  extends ove r  a l a r g e r  p a r t i c l e  s i z e  

range, W h i l e  an a p p r e c i a b l e  g a i n  i n  progesterone s o l u b i l i t y  c o u l d  

be c o n c e i v a b l y  achieved th rough  m i c e l l e  s o l u b i l i z a t i o n ,  f o r  i n -  

stance, b y  t h e  i n t r o d u c t i o n  o f  con juga ted  b i l e  a c i d s  and l e c i t h i n  

from b i l i a r y  s e c r e t i o n s ,  t h e r e  will be a decrease i n  t h e  e f f e c t i v e  

p e r m e a b i l i t y  c o e f f i c i e n t 2 1  326, S i m i l a r l y ,  t h e  g a i n  i n  s o l u b i l i t y  

and decrease i n  permeabi l  i ty  f o r  h y d r o c o r t i s o n e  shou ld  be 1 ess 

s i g n i f i c a n t .  

o f  t h e  f l u i d  and p a r t i c l e  v e l o c i t i e s  on t h e  mean t r a n s i t  ( o r  

res idence)  t imes of  t h e  p a r t i c l e  and t h e  s o l u t e  on t h e  r e s e r v e  

1 ength. 

S ince  h y d r o c o r t i s o n e  i s  more s o l u b l e  than  proges- 

One cannot  comment enough on t h e  marked i n f l u e n c e  

In summary, t h e  q u e s t i o n  o f  "how smal l  should m i c r o n i z e d  

p a r t i c l e s  be such t h a t  d i s s o l u t i o n  i s  n o t  t h e  r a t e - d e t e r m i n i n g  

s tep "  depends upon t h e  i n t e r r e l a t i o n s h i p s  o f  s o l u b i l i t y ,  membrane 

p e r m e a b i l i t y ,  f l o w  v e l o c i t y  and p a r t i c l e  si'ze and, i n t e r e s t i n g l y ,  

c o u l d  be q u a n t i t a t i v e l y  es t ima ted .  

E v a l u a t i o n  o f  a Case H i s t o r y .  The a v a i l a b i l i t y  o f  s t u d i e s  

i l l u s t r a t i n g  t h e  r e s e r v e  l e n g t h  o f  suspensions i s  sca rce .  T h i s  

i s  because human i n t u b a t i o n  s t u d i e s  a r e  n o t  u s u a l l y  performed t o  

s y s t e m a t i c a l l y  i n v e s t i g a t e  t h e  phenomenological events  i n  t h e  

a b s o r p t i o n  o f  suspensions. 

a s tudy  t h a t  comes c l o s e  as an example f o r  examinat ion i n  t h e  

l i g h t  o f  t h e  anatomical  r e s e r v e  l e n g t h .  

In o u r  e s t i m a t i o n  t h e r e  i s ,  however, 
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ORAL DRUG DELIVERY SYSTEMS 1147 

In the course of determining the oral  bioavai labi l i ty  of 

chenodeoxychol i c  acid i n  man, vanBerge-Henegouwen and Hofmann6 i n -  

fused bolus doses of 25, 200 and 400 mg doses o f  micellar solu- 

tions of the b i l e  acid as  the sodium s a l t  i n t o  the  d is ta l  duodenum 

o f  fasted subjects from an indwelling nasojejunal tube. Measure- 

ments on in tes t ina l  asp i ra tes  showed rapid and complete passive 

absorption of  the molecules w i t h i n  50 cm indicating a la rge  

anatomical reserve length o f  275 cm for an estimated 325 cm small 

in tes t ine .  The absorption was corroborated w i t h  areas under the 

blood level curve ( A U C )  over a 4-hour  period. Thereafter,  the 

absorption of  ingested gelatin capsules containing 200 mg 

chenodeoxycholic acid as the weak acid and sodium s a l t  was assessed 

by 4 hour AUC determinations, 

absorbed i n  which the more rapid absorption of the sodium s a l t  

was anticipated because i t  was previously found to  dissolve much 

more rapidly than the protonated acid27. Commercial capsules con- 

taining small par t ic les  of 400 mg protonated b i l e  acid were also 

found t o  be completely bioavailable. In terms of  the reserve 

length concept, i t  appears tha t  oral capsules o f  the weak acid 

form are  well absorbed w i t h i n  the small i n t e s t i n e  and the sodium 

s a l t  preparation has a longer reserve length. 

of a commercial preparation contained large crystals27 (100 by 

30 microns cubic or tetragonal c r y s t a l s )  which resulted i n  poor 

absorption and, possibly, negative reserve length.  After the 

1 arge par t  cl es  were mil 1 ed, complete absorption resul ted.  

bioavailab l i t y  of  chenodeoxycholic acid was n o t  affected when 

taken w i t h  meals . 

Both preparations were completely 

The lone exception 

The 
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1148 HO, MERKLE, AND HIGUCHI 

Small Intest inal  Row and Transit  

In the preceding discussions the flow and  t r a n s i t  time of 

solutes and par t ic les  are  able to  have dramatic e f fec ts  on the 

reserve length of solutions and suspensions. 

ture survey of t r a n s i t  time observed i n  humans and d o g s .  

Table 7 i s  a l i t e r a -  

One should be aware t h a t  the method by which the measurements 

are made will b r i n g  about d i f fe ren t  interpretat ion o f  the t r a n s i t  

time. I n  the multi-lumen intubation method, the segment of small 

in tes t ine  i s  constantly perfused w i t h  the a id  of a pump (generally 

2 t o  10 ml/min) and  then, a f t e r  the introduction of a bolus dose 

of a nonabsorbable dye or 14C-PEG 4000, the solute  marker flowing 

past a fixed distance of the tube i s  collected w i t h  time, Because 

of the r i g t h w a r d  skew of the nonsteady-state C(a,t)  versus time t 

curve, the peak t r a n s i t  time (PTT) i s  shorter  than the mean t r a n s i t  

time (MTT) and  the difference does n o t  seem t o  be very large.  The 

presence of  a f lex ib le  tube and the slow, steady pump flow of 

l iquid a re  n o t  considered t o  be serious a r t i f a c t s  t o  normal gas- 

t ro in tes t ina l  a c t i v i t y .  In other  methods, the t r a n s i t  times a r e  

indicative o f  the f i r s t  appearance o f  the marker a t  a d i s ta l  loca- 

t i o n  of  the in tes t ina l  t r a c t .  

pearance time r e f l e c t s  the time of arr ival  of lactulose i n  the 

large in tes t ine .  

in tes t ine  and i s  readily metabolized by microorganisms i n  the 

large in tes t ine  followed by absorption and pulmonary excretion of  

the anaerobical l y  produced hydrogen. Roentgenography and gamma 

sc in t i  graphy of the gastrointest inal  passage of radiopaque sub-  

For example, the pulmonary H2 ap- 

Lactulose i s  a nondigestable sugar i n  the small 
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ORAL DRUG DELIVERY SYSTEMS 1149 

stances,  p e l l e t s ,  t a b l e t s ,  a n d  col loids  have the d i s t i n c t  advantage 

i n  being non-invasive and are  generally used as qua l i ta t ive  tools  

t o  determine appearance t r a n s i t  times. 

scintigraphy i s  made possible w i t h  the use o f  a sophisticated 

computer t o  focus a t  small areas of  i n t e r e s t  (observation window 

s l i t s )  simultaneously a t  many d i f f e r e n t ,  fixed locations of  the 

gastrointest inal  t r a c t  whereby the change i n  concentration o f  

99mTc-labeled markers w i t h  time a t  the various locations i s  

followed ( F i g .  1 2 ) .  Not only can the i n i t i a l  appearance and mean 

t r a n s i t  times o f  gamma-1 abel ed sol Utes and  par t ic les  be determined 

from segment t o  segment, b u t  a lso the e f fec t ive  axial  dispersion 

coeff ic ients  could be estimated t o  gain insights t o  the hydro- 

dynamics i n  the in tes t ine  '3s45.  

necessarily the same th roughou t  the small in tes t ine .  Gamma sc i  n -  

tigraphy has been used by a number of investigators t o  study 

gas t r ic  emptying and in tes t ina l  t r a n s i t  times 

Lately, quant i ta t ive gamma 

The flow veloci t ies  are  n o t  

46,47 

As can be seen i n  Table 7 ,  there seems to  be remarkable varia- 

t i o n s  i n  the flow of marker solutions i n  the human jejunum 

between and w i t h i n  normal subjects ,  ranging from 0.5 to  5 cm/min. 

Soergel 

ileum i s  slower than i n  the jejunum. 

sions appear t o  be slower as  compared t o  solut ions,  no real con- 

clusions can be made. A l t h o u g h  dogs a r e  su i tab le  animal models 

for general pharmacokinetic and bioavai labi l i ty  s tud ies ,  in tes t ina l  

flow studies are  sparse.  The flow i s  generally f a s t e r  as compared 

t o  humans. 

form evaluation when this factor  i s  considered. 

s tudies  indicate  tha t  the average velocity i n  the 

Although the flow of  suspen- 

However, this should n o t  impair t h e i r  use for  dosage 
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1154 H O ,  MEKLE, AND H I G U C H I  

STOMACH, 

t 0 . 5  = 

JEJUNUM, 
< t >  = 

6 =  

JEJUNUM, 
< t >  = 

6 =  

midportion 
20 min 

proximal - 2 5  cm 
46 min 
0 .54  cmfmin 

d i s t a l  -100 cm 

64 min 
: 1 .6 cm/min 

FIGURE 12 

Stomach emptying and i n t e s t i n a l  f l o w  p r o f i l e s  w i t h  t i m e  o f  99mTc- 
d i e t h y l t r i a m i n e  pen ta -ace t i c  a c i d  c h e l a t e  marker i n  a human s u b j e c t  
by q u a n t i t a t i v e  gamma s c i n t i g r a p h y  ( c o u r t e s y  o f  D r .  R. Car ide  o f  
Yale U n i v e r s i t y  School o f  Medic ine) .  Bo lus  dose o f  t h e  marker 
s o l u t i o n  was i n t r o d u c e d  d i r e c t l y  i n t o  t h e  stomach. The p l o t s  show 
s c i n t i g r a p h i c  o u t p u t  o f  coun t  r a t e  versus t i m e  ove r  a p e r i o d  o f  
127 minutes.  

I n  r e c o g n i z i n g  t h e  wide i n t r a -  and i n t e r - s u b j e c t  v a r i a t i o n s  

i n  t h e  i n t e s t i n a l  f l o w  o f  water ,  we come t o  t h e  c o n c l u s i o n  t h a t  

one shou ld  s t r i v e  t o  " n e u t r a l i z e "  t h i s  n a t u r a l  p h y s i o l o g i c a l  

phenomenon by u t i  1 i z i n g  b iopharmaceut i  c a l  approaches. T h i s  c o u l d  

be achieved by ( a )  t h e  development o f  prodrugs and analogs w i t h  

s u f f i c i e n t l y  h i g h  membrane p e r m e a b i l i t i e s  so t h a t  t h e  a b s o r p t i o n  

r a t e  i s  aqueous boundary l a y e r - c o n t r o l l e d ,  ( b )  i nc reased  d i s s o l u -  

t i o n  r a t e s  o f  p a r t i c l e s  th rough  increased s o l u b i l i t y  and/or 

p a r t i c l e  s i z e  r e d u c t i o n ,  and ( c )  d e l a y  o f  p a r t i c l e  t r a n s i t  t i m e s .  
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ORAL DRUG DELIVERY SYSTEMS 1155 

I n  striving t o  prolong the t r a n s i t  of par t ic les ,  Bechgaard and 

Lodefoged41 studied the simultaneous flow of varying s izes  of  low 

and h i g h  density coated pe l le t s  i n  ileostomy pat ients  u t i l i z i n g  an 

interest ing experimental approach. After the subjects swallowed 

a gelatin capsule of the color-coded pel l e t  preparation w i t h  water 

and normal a c t i v i t y ,  food and water were allowed and samples were 

collected from the ileostomy bags with time. 

from m o u t h  t o  ileum for l i g h t  density ( p  = 1.0) and high density 

( P  = 1.6)  par t ic les  were 7 hours (range 4.5 t o  10.3 hrs) and 25 hours 

(range 23-26.5 h r s ) ,  respectively; the e f fec t  of par t ic le  s i z e  (0.3 

t o  1 .7  mm diameter) was n o t  s ignif icant  (Table 8 ) .  

Bogentoft e t  a13’ and Str icker  and K ~ l k e ~ ~ ,  who could n o t  corrobo- 

r a t e  the same qua1 i t a t i v e  findings i n  normal subjects ,  questioned 

the general appl icabi l i ty  o f  the conclusions derived from ileostomy 

The mean t r a n s i t  times 

However, 

4i ,4a subjects 

TABLE 8 

Influence of Pel le ts  on Transit  Time ( M o u t h  t o  Ileum) Exerted by 
Density and Size i n  Human Ileostomy Subjects41 ,48 

Mean Transi t  Time, hr Dens ty Diameter 
Pel 1 e t s  gm/cm3 mn Average Range 

Hard paraffin* 1 .o 0.3 - 0.7 6.9 5 -  9 
1.2 - 1.7 7.3 5 -  8 

Barium sulfate* 1.6 0.3 - 0.7 24.6 23 - 27 
1.2 - 1 .7 25.4 23 - 28 

*Methacrylate-coated 
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1156 HO, MERKLE, AND HIGUCHI 

To p u t  the understanding of  the flow of  suspension i n  the 
49  intest inal  t r a c t  on a physicochemical basis,  Najib and Amidon 

studied the t r a n s i t  times of suspensions i n  a hor 

tube. They related par t ic le  and f luid dens i t ies ,  

f luid viscosi ty  and f luid velocity t o  the t r a n s i t  

suspension and i t s  l iqu id  vehicle by a dimensiona 

approach . 

zontal p las t ic  

par t ic le  s i z e ,  

times of a 

anaysis 

In connection w i t h  attempts t o  increase the t r a n s i t  time o f  

par t ic les ,  the s t ra tegy of promoting polymer b i n d i n g  to  the surface 

of epi thel ia l  c e l l s  has been suggested . 
Effects o f  Food, Fasting and Drug Activity 

50 

Food has long been recognized t o  influence the absorption and 

bioavai labi l i ty  of drugs. The reasons are  many: ( a )  interference 

w i t h  t a b l e t  disintegration and dissolut ion,  ( b )  delayed gas t r ic  

emptying allowing for  more time for complete dissolut ion of d r u g  

sol ids (none1 ectrolytes  and weak bases) b u t  decreasing the appar- 

ent absorption r a t e ,  ( c )  increased in tes t ina l  moti l i ty  and flow, 

( d )  stimulated b i le  flow causing b i l e  acid micelle solubi l izat ion 

of  d r u g s ,  ( e )  b i n d i n g  of drugs t o  food substances, ( f )  stimulated 

pancreatic flow of enzymes, ( 9 )  drug  uptake by emulsified o i l  

droplets,  and ( h )  hindered bulk diffusion o f  drugs. 

Me1 a r ~ d e r ~ ~  and B e e r ~ n a n n ~ ~  have presented comprehensive reviews 

on this subject .  

Gibaldi51 , 

Table 9 gives a review of  s tudies  on food ef fec ts  on the 

absorption and possi bl e reasons given by the i nvesti gators for 

the observed bioavai labi l i ty  of drugs. I t  i s  seen t h a t  the 
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ORAL DRUG DELIVERY SYSTEMS 115 7 

improved b i o a v a i l a b i l i t y  o f  a l a r g e  number o f  drugs has been 

a s c r i b e d  p r i n c i p a l l y  t o  de layed g a s t r i c  emptying g i v i n g  r i s e  t o  

more complete d i s s o l u t i o n  o f  t h e  d rug  s o l i d ,  and m i c e l l e  s o l u b i l i -  

z a t i o n  by b i l e  a c i d s .  

water  s o l u b i l i t y .  

t o  decrease t h e  a b s o r p t i o n  r a t e  as observed by b l o o d  l e v e l  measure- 

ments; and, i n  o t h e r  cases, no s i g n i f i c a n t  changes i n  b i o a v a i l a b i  - 

i t y  occu r red .  Thus, sys temat i c  s t u d i e s  a r e  needed t o  understand 

t h e  e f f e c t s  o f  f ood  on d r u g  a b s o r p t i o n  w i t h  t h e  a i d  o f  t e s t  meals 

Most o f  t h e  examples a r e  drugs o f  l o w  

I n  some cases, s low g a s t r i c  empty ing i s  seen 

I n  t h e  f a s t i n g  s t a t e  d r u g  a b s o r p t i o n  shou ld  be viewed f rom 

t h e  p e r s p e c t i v e  o f  t h e  i n t e r d i g e s t i v e  m i g r a t i n g  motor  complex (see 

Hofmann and Code i n  t h i s  symposium book ) .  The complex i s  a c y c l i c  

band o f  motor a c t i v i t y  which begins i n  t h e  stomach and propagates 

i n  t h e  smal l  i n t e s t i n e .  

ano the r  one begins i n  t h e  stomach. 

o t h e r  animals '' -63, and humans 64-67. 

c u r s  every 1 t o  2 hours and t h e  c a l c u l a t e d  l e n g t h  o f  t h e  band i s  

about 30 cm i n  t h e  prox imal  smal l  i n t e s t i n e  and about  1 0  cm i n  

t h e  d i s t a l  p o r t i o n s .  I n  t h e  stomach and a t  each l e v e l  o f  t h e  

smal l  i n t e s t i n e s ,  t h e r e  a r e  f o u r  phases i n  a c y c l e :  

l e v e l  motor  a c t i v i t y ;  phase 11, random inc reases  i n  motor  a c t i v i t y ;  

phase 111, cont inuous occurrence o f  i n t e n s e  motor a c t i v i t y ;  phase 

I V ,  r a p i d  decrease i n  t h e  i n t e n s i t y  o f  motor  a c t i v i t y .  The motor  

complex i s  a b o l i s h e d  by t h e  i n g e s t i o n  o f  food. 

When one such complex reaches t h e  i l eum,  

The phenomenon occu rs  i n  dogs, 

I n  dogs t h e  c y c l e  r e -  

phase I, l o w  

The i n t e r d i g e s t i v e  motor  complex i s  most l i k e l y  r e s p o n s i b l e  

f o r  t h e  wide i n t e r -  and i n t r a s u b j e c t  v a r i a t i o n  i n  t h e  peak t r a n s i t  
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ORAL DRUG DELIVERY SYSTEMS 1161 

time, xylose absorption and motil i ty of  the proximal jejunal 

segment shown i n  F i g s .  6 and 7 .  I f  i t  were n o t  for  the concurrent 

measurements of the peak t r a n s i t  time and motor a c t i v i t y ,  the wide 

variations i n  xylose absorption would n o t  have made sense. Varia- 

b i l i t y  i n  absorption was related t o  v a r i a b i l i t y  i n  flow. T h i s  

po in t s  o u t  the importance of  the simultaneous use of nonabsorbable 

and nonadsorbabl e dye solutes as flow markers, t ransport  markers 

(such as glucose and amino acids i n  d i l u t e  solut ion)  for  the 

determination of the permeability o f  the aqueous boundary l a y e r ,  

and l a s t l y  a marker (such as PEG-4000) t o  correct  for water 

fluxes, i n  addition t o  determining d r u g  absorption i n  animals and 

humans by gastrointest inal  intubation methods. The use of pres- 

sure tranducers t o  es tabl ish the phase(s) of motor a c t i v i t y  

within which the intubation studies a re  performed would a l so  be 

desirable .  

The interdigest ive motor complex has been c lear ly  shown t o  

be responsible for the c l i n i c a l l y  recognized intraindividual 

variation i n  the resu l t s  of  repeated oral glucose tolerance t e s t s ,  

Thompson e t  a168 showed t h a t  the variation i n  blood level glucose 

in intubated subjects could be produced by ingestion of  the glucose 

solution d u r i n g  d i f fe ren t  phases of the normal fas t ing  motor 

a c t i v i t y  cycle of  the stomach. 

emptying ra tes  o f  glucose t o  the absorptive surface o f  the small 

i n t e s t i n e ,  

tered intraduodenally during the same phases i n  a c t i v i t y ;  however, 

i n  ou r  o p i n i o n ,  this may not be surprising i n  view of  the f a c t  

tha t  glucose i s  a rapidly absorbable, aqueous boundary layer-  

The resu l t  i s  d i f fe ren t  stomach 

Such variation was not  seen when glucose was adminis- 
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1164 HO, MERKLE, AND H I G U C H I  

c o n t r o l l e d  permeant. 

c a n t  v a r i a t i o n s  w i t h  membrane-control1 ed permeants , x y l o s e  and 

h y d r o c o r t i s o n e  f o r  exampl e .  

On t h e  o t h e r  hand, we would expect  s i g n i f i -  

As shown i n  Table 10, drugs can i n f l u e n c e  t h e i r  own gas t ro -  

i n t e s t i n a l  a b s o r p t i o n  as w e l l  as o t h e r  drugs through t h e i r  pharma- 

c o l o g i c a l  e f f e c t s  on g a s t r o i n t e s t i n a l  m o t i l i t y  and, t he reby ,  t h e  

res idence  t i m e  ( o r  t r a n s i t  t i m e )  i n  t h e  stomach and sma l l  i n t e s t i n e .  

Compounds hav ing  a n t i c h o l i n e r g i c  a c t i v i t y ,  such as a t r o p i n e  and 

p ropan the l i ne ,  slows down g a s t r i c  emptying and i n t e s t i n a l  f l o w ,  w h i l e  

those possess ing c h o l  i n e r g i c  a c t i v i t y  (metoclopramide) have t h e  

oppos i te  e f f e c t s ,  

t o  a f f e c t  d r u g  a b s o r p t i o n  except  f o r  exper imenta l  purposes. 

O r d i n a r i l y ,  t h e y  a r e  n o t  employed as a d d i t i v e s  

I t  i s  seen i n  Table 11 t h a t  drugs and o t h e r  substances can 

a f f e c t  b lood  f l o w .  I t  i s  p o s t u l a t e d  t h a t  reduced b l o o d  f low 

reduces t h e  a b s o r p t i o n  r a t e  b y  ( a )  dec reas ing  t h e  e f f e c t i v e  con- 

c e n t r a t i o n  g r a d i e n t  across t h e  e p i  the1 i a l  c e l l s  f o r  p a s s i v e l y  

absorbed s o l u t e s  by n o t  r a p i d l y  c a r r y i n g  t h e  s o l u t e  away, (b )  

l o w e r i n g  oxygen supp ly  t o  t h e  a b s o r p t i o n  c e l l s  needed t o  m a i n t a i n  

t h e  a c t i v e  t r a n s p o r t  mechanism, and ( c )  a f f e c t i n g  m e t a b o l i c  

changes a t t e n d i n g  t h e  i n t e g r i t y  o f  t h e  membrane. S ince  mesen te r i c  

b lood f l o w  i n f l u e n c e s  t h e  s i n k  c o n d i t i o n s  on t h e  b l o o d  s i d e  o f  t h e  

i n t e s t i n a l  membrane, i t  p l a y s  a r o l e  i n  t h e  r e s e r v e  l e n g t h  concept  

v i a  the  e f f e c t i v e  p e r m e a b i l i t y  c o e f f i c i e n t s .  

w i l l  be s i g n i f i c a n t  when t h e  membrane i t s e l f  i s  n o t  t h e  r a t e -  

de te rm in ing  b a r r i e r  i n  t h e  a b s o r p t i o n  process13. B lood f l o w  

e f f e c t s  on d r u g  a b s o r p t i o n  has been rev iewed by Walus and Jacobson 

and Boxenbaum . 

Reduced b l o o d  f low 

75 

78 
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ORAL DRUG DELIVERY SYSTEMS 1165 

TABLE 11 
75 Effects of Selected Drugs on Blood flow i n  the G u t  

Blood Flow Drugs 

Increase Acetyl c hol i ne 
Gastrin and cholecystokinin 
Pros tagl i ndi  n D2  
N i  fedi pine 
Dil tiazem 

Decrease Physos t i  gmi ne 
Pros tagl andi n FEa 
Angiotensin I1 
Vasopressin 

Reserve Length Considerations of Control1 ed Re1 ease Systems 

Having developed the reserve length for drugs i n  solution a n d  

suspension and the background information on in tes t ina l  flow of  

fl uids  and par t ic les ,  we turn t o  control 1 ed-re1 ease systems. There 

are  many types and variations o f  controlled delivery systems 

b u t ,  from the general perspective of the reserve length concept, 

we will adopt the c lass i f ica t ion  of s ingle-uni t  and multiple-unit  

systems, used by Bechgaard and Nielsen7’ and explained i n  Table12 . 
Since these systems are  intended to  give sustained blood leve ls  

over a m i n i m u m  8-12 hour period, the t r a n s i t  time i n  the small 

in tes t ine  must be suf f ic ien t ly  long. I t  has been pointed out  

tha t  the gastrointest inal  t r a n s i t  time (includes gas t r ic  emptying 

and the small i n t e s t i n e )  of  single-unit  t a b l e t s  a r e  prone t o  large 

var ia t ions,  whereas stomach emptying o f  small pe l le t s  i s  zero- 

order or f i r s t -order  and the pe l le t s  a r e  scat tered i n  the in tes -  
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1166 HO, MERKLE, AND HIGUCHI 

TABLE 12 
Classif icat ion of  Oral Controlled Release Systems 

Sys t em Definition 

S i  ngl e-uni t Oral pharmaceutical 
dosage form formulation consis- 

t i n g  of one undisin- 
tegrat ing u n i t  

Multiple-unit Oral pharmaceutical 
dosage form formulation consis- 

t i n g  of a u n i t  which 
dis integrates  i n  the 
stomach in to  a large 
number o f  sub-uni t s  . 

Example 

Enteric-coated tabl e t s  
passing u n d i  s i  ntegra ted 
t h r o u g h  the stomach 
Timed-re1 ease coated 
t a b l e t s ,  matrix t a b l e t s ,  
sandwich and core-type 
tab le t s  and osmotic pump 
tabl e t s  , passing through 
the ent i  r e  a1 imentary 
canal. 

Capsules containing 
hundreds of  pel 1 e t s  o r  
thousands of c rys ta l s  
individually coated 
(en ter ic  o r  timed-re- 
lease)  being dispersed 
upon dis integrat ion.  
Tablets containing 
thousands of  individually 
coated c rys ta l s  being 
dispersed upon d i s in te -  
gration. 

t i n e  and flow d i f fe ren t ly  from a nondisintegrating t a b l e t  re- 

sul t ing i n  longer and  l e s s  variable t r a n s i t  times 48,79,80 

The quasi-steady s t a t e  r a t e  of d r u g  released from a matrix- 

control 1 ed system i s  given by the we1 1 -known expression : 

1 / 2  

d t  

whereupon the amount released i s  re la ted t o  the square roo t  o f  

time : 
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ORAL DRUG 

where 

Q =  
s =  

De = 

cs = 

A =  

Here, the 

DELIVERY SYSTEMS 

amount released a t  time t 
surface area of the matrix system, cm 

2 effect ive diffusion coef f ic ien t ,  cm /sec 

2 

1167 

amount o f  d r u g  per u n i t  volume of the matrix, mass/cm’ 
s o l u b i l i t y  of  the d rug  i n  the matrix 

t ransport  barr iers  of the aqueous boundary 1 ayer and 

in tes t ina l  membrane are  ins igni f icant ,  otherwise they must be 

taken i n t o  account22,81, As the nondisintegrating p e l l e t  flows 

down the in tes t ina l  t r a c t ,  time t i s  related approximately t o  

distance x and the flow velocity of the p e l l e t ,  B by P’ 

t = X / B P  

T h u s ,  Eq. 21 becomes 

We now define the distance down the in tes t ina l  t r a c t  a t  w h i c h  95% 

of the d rug  has been released, i . e . ,  

Q = 0.95 Q,at  x = R* matrix pel 1 e t  

where 

Q , =  amount of d r u g  released a t  i n f i n i t e  time 

V, = total  volume of the p e l l e t  
= A  * Vm 

I t  follows t h a t  

Finally, the reserve length i s  
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1168 HO, MERKLE, AND HIGUCHI 

0.95 V, A Bp 
= L - (  s ) D e C s  (Eq. 25) 

For ze ro -o rde r ,  c o n t r o l  1 ed-re1 ease del  i v e r y  systems , t h e  amount 

r e l e a s e d  w i t h  t i m e  is  

Q = S k o t  (Eq. 26) 
2 where ko i s  t h e  zero-order  r a t e  per  cm . 

I n  terms o f  any d i s t a n c e  x ,  

S ko x 
Q = -  

BP 
(Eq. 27) 

The f i r s t  app rox ima t ion  o f  t h e  l e n g t h  a t  which 95% o f  t h e  dose i s  

re leased  and absorbed i s  

0.95 A Vm 13 
S ':ero-order = kO pe l  1 e t  

and t h e  r e s e r v e  l e n g t h  i s  

0.95 A V B 
= L -  + 

0 ( RL zero -o rde r  

2 The zero-order  r a t e  cons tan t ,  mass/cm -sec, f o r  v a r  

systems a r e :  

Nonporous 1 i p i d - 1  i ke 
polymer membrane en- 
capsu la ted  aqueous 
suspension r e s e r v o i r 8 2  

D m c s  
ko = h 

Porous nonl  i p i d  p o l y -  
mer membrane encap- 
s u l a t e d  s o l i d  d r u g  
p a r t i c l e s  r e s e r v o i r 8 2  

€ D c, 
ko  = - h 

(Eq. 29) 

ous k i n d s  o 
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ORAL DRUG DELIVERY SYSTEMS 1169 

where 

D, Dm = d i f f u s i o n  c o e f f i c i e n t  i n  water  and polymer membrane, 
r e s p e c t i v e 1  y 

h = membrane t h i c k n e s s  

E = volume f r a c t i o n  o f  aqueous porr:s 

K = 1 i p i d  membrane/water p a r t i t i o n  c o e f f i c i e n t  

C, = aqueous s o l u b i l i t y  o f  t h e  d rug  

Cd = d r u g  c o n c e n t r a t i o n  i n  t h e  r e s e r v o i r  

k = membrane p e r m e a b i l i t y  t o  water  

T T = osmot i c  p ressu re  o f  d r i v i n g  s a l t  agents and d r u g  
O ’ compartment environment 

A t  t h i s  t i m e  we would l i k e  t o  d i scuss  t h e  s i g n i f i c a n c e  o f  t h e  

r e s e r v e  1 eng th  f o r  m a t r i x -  and ze ro -o rde r  c o n t r o l  1 ed r e 1  ease 

systems as expressed i n  Eqs. 25 and 29. 

( a )  C l e a r l y ,  t h e  concept p rov ides  t h e  i n i t i a l  framework 

f o r  t h e  q u a n t i t a t i v e  and mechan is t i c  i n t e r p l a y  o f  t h e  

smal l  i n t e s t i n a l  l e n g t h ,  f l o w  v e l o c i t y  o f  t h e  p e l l e t ,  

d rug  con ten t ,  and phys i  cochemical parameters gove rn ing  
t h e  r e 1  ease k i n e t i c s  o f  t h e  c o n t r o l  1 ed de l  i v e r y  system. 

( b )  I f  Bp i s  ve ry  smal l  o r ,  e q u i v a l e n t l y ,  t h e  t r a n s i t  t i m e  

f o r  t h e  smal l  i n t e s t i n e  ( i . e . ,  < t > =  L/B ) i s  l o n g ,  

(RL) w i l l  be p o s i t i v e  and t h e  c o n t r o l l e d  d r u g  r e l e a s e  

w i l l  be accompl ished w i t h i n  t h e  smal l  i n t e s t i n e .  I n  

v iew o f  t h e  v a r i a b i l i t y  o f  f l u i d  flow, 8 ,  i t  would 

t h e n  be advantageous t o  d e s i g n  features i n  t h e  system 

t o  make B l e s s  prone t o  t h e  i n f l u e n c e  o f  8 .  
P 

When (RL) i s  s e t  equal t o  zero,  we can e s t i m a t e  B* t h e  

c r i t i c a l  p e l l e t  f l o w  v e l o c i t y  a t  which t h e  e n t i r e  smal l  

i n t e s t i n a l  l e n g t h ,  L = 300-350 cm, i s  u t i l i z e d  f o r  

complete b i o a v a i l a b i l i t y .  

than B* w i l l  r e s u l t  i n  p o s i t i v e  r e s e r v e  l e n g t h s .  

P 

( c )  P’ 

Thus, f l o w  v e l o c i t i e s  l e s s  

P 
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1170 HO, MEXKLE, AND HIGUCHI 

( d )  I f  one has a multiple-unit system i n  which the pe l le t s  
are  designed t o  release i t s  contents a t  d i f fe ren t  time 
intervals  o r  d i f fe ren t  locations i n  the in tes t ina l  
t r a c t ,  then pe l le t s  for  immediate release i n  the duo- 
denum have the full  advantage of the small in tes t ina l  
length,  while the d i s t a l l y  located pel le ts  have con- 
ceivably the disadvantage o f  l e s s  length t o  completely 
discharge i t s  contents for absorption. 

In the case of bio-erodable p e l l e t s ,  the  reserve length can 

also be developed. 

upon  the shape of the pe l le t  

Here, the amount released w i t h  time depends 
84 . 

3 

2 
Spheres : Q a t  

Cyl i nders : Q a t  

S1 abs : Q a t  

( E q .  33a) 

(Eq. 33b) 

( E q .  33c) 

Lastly,  there a r e  controlled release systems which a re  

specially designed to  remain i n  the stomach th roughou t  i t s  useful 

1 i fespan 85y86. 

in tes t ine  for absorption. 

The released d r u g  solute  then empties i n t o  the small 

An example i s  the so-called hydro- 

dynamically balanced system which has a density l e s s  than t h a t  

for stomach contents (see Goldberg i n  this book) and a r e  intended 

for  drugs having poor so lubi l i ty  or an in tes t ina l  "absorption 

window". From a physical model standpoint, the phenomena involve 

the simultaneous flow, longitudinal dispersion and absorption of 

a d r u g  i n  solution w i t h  d r u g  i n p u t  from a reservoir13y45. 

follows t h a t  reserve length considerations a re  the same as tha t  

for solutions (see E q .  11 ) . A l t h o u g h  the system encounters the 

v a r i a b i l i t i e s  i n  stomach emptying and in tes t ina l  flow of  the d r u g  

solute because of the interdigest ive motor complex i n  the fasted 
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ORAL DRUG DELIVERY SYSTEMS 11 7 1  

s t a t e  and the possibi l i ty  of expulsion of  the sustained delivery 

device, the system permits the d r u g  solute  t o  take advantage of 

the en t i re  s m l l  intest inal  length for  absorption. 

STRATEGIES A N D  OPTIONS 

A summary of  s t ra teg ies  and options relevant t o  the reserve 

length concept i s  given i n  Table 13 and is  categorized by physico- 

chemicallbiophysical parameters and factors  inf l  uencing the para- 

meters. 

independent of  others and i s  guided by qua l i ta t ive  pr inciples .  

We believe t h a t  s t ra teg ies  and op t ions  should be considered from 

a wholist ic p o i n t  of  view--a systems approach. 

one attempts to  adjust  the l ipophi l ic i ty  of the parent d r u g  via 

molecular modification for  improved in tes t ina l  absorption, one 

will also change the s o l u b i l i t y ,  dissolution r a t e  propert ies ,  and 

the requirements for  par t ic le  s i z e  and t r a n s i t  time. In other  

words, the manipulation o f  one factor  will invariably have physi- 

cochemical , b u t  predictable,  e f fec ts  on other factors .  

In practice one generally focuses upon s t r a t e g i e s  

For example, when 

More of ten ,  the principal dilemma the s c i e n t i s t  faces i s  

knowing what the problems and t h e i r  extent a r e ,  

of one or m r e  s t ra teg ies  over others requires knowledge of the 

framework by which s t ra teg ies  and op t ions  a re  in te r re la ted .  Then, 

when the choice(s) i s  made, the question i s  how much e f f o r t  should 

he expended toward improving and optimizing the biopharmaceutical 

properties of the d r u g  and i ts  formulation. For example, how 

much more (or l e s s )  l i p o p h i l i c i t y  should be designed in to  the 

d rug?  How much more s o l u b i l i t y  i s  minimally required? How much 

Next, the choice 
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ORAL DRUG DELIVERY SYSTEMS 1 1 7 7  

par t lc le  s i z e  reduction do we need to  achieve? What k i n d  o f  

re lease rates  (dissolution and/or sustained release)  do we need 

when the t r a n s i t  times a r e  short or long? Many more questions can 

be asked. 

quant i ta t ive principles and t o  know what s t r a t e g i c  physicochemical/ 

biophysical factors  can be controlled and what cannot be controlled 

and, consequently, circumvented. Attempts t o  provide some of  the 

answers and methods o f  approaches a r e  found i n  this chapter and 

el sewhere 

In answering the questions, we need t o  be guided by 

13,87,88 

SUMMARY 

The anatomical reserve length for the in tes t ina l  absorption 

o f  drugs is presented as the framework by which many physico- 

chemical, physiological and dosage form factors  a r e  p u t  in to  

quant i ta t ive in te r re la t ionships ,  The concept i s  a basic science 

approach t o  the optimization o f  oral d r u g  formulations and provides 

a perspective i n  the select ion o f  s t ra teg ies  and op t ions  w i t h i n  

established boundaries. 

provides the base upon which refinements and other considerations 

can be added. 

The framework, thus f a r  described here,  

What is n o t  covered here are  considerations of  absorption 

windows, which we have defined as  t h a t  par t  o f  the small i n t e s t i n e  

where absorption occurs for special mechanistic reasons. The 

windows include the pH-absorption window, d i s t r ibu t ion  o f  aqueous 

pore pathways along the in tes t ina l  t r a c t ,  specialized membrane 

t ransport  mechanisms, membrane d i s t r i b u t i o n  of enzyme systems and 

differences i n  t r a n s i t  times i n  the in tes t ina l  t r a c t .  We have 
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1178 HO, MERKLE, AND HIGUCHI 

omitted t h i s  in te res t ing  topic from the reserve length treatment 

since this has been discussed previously13. 

theoretical  discussions of the reserve length,  various gaps i n  

research were highlighted. 

by Professor W.I. Higuchi i n  this symposium book.  

In the course of the 

We leave this t o  be fur ther  discussed 
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