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I .  I n t r o d u c t i o n  

Diabetes m e l l i t u s  i s  a disease which has been known t o  mankind f o r  thou- 

sands o f  years. It was r e f e r r e d  t o  as e a r l y  as i n  1.500 B.C. by the famous 

Ebers Papyrus. It has been known f o r  a l ong  t ime t h a t  a sweet odor i s  present 

i n  the u r i n e  o f  d i a b e t i c  pa t i en ts .  I n  f a c t ,  a p r i m i t i v e  d iagnost ic  t e s t  

requi red the t a s t i n g  o f  u r i n e  t o  determine the ex ten t  o f  sweetness (1) .  How- 

ever, i t  was no t  u n t i l  two hundred years ago t h a t  t h i s  sweet substance was 

f i n a l l y  i d e n t i f i e d  as "glucose". The treatment f o r  d i a b e t i c  p a t i e n t s  came 

much l a t e r  a f t e r  i n s u l i n  was discovered i n  1921 by Banting and Best. 
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1602 C H I E N  AND BANGA 

With the  d iscovery o f  i n s u l i n ,  i t  was expected t h a t  simple admin i s t ra t i on  

o f  i n s u l i n  would be adequate t o  t r e a t  Type I diabetes. Unfor tunate ly ,  i t  d i d  

no t  t u r n  ou t  t o  be t h a t  simple. The choice o f  d e l i v e r y  routes was f a i r l y  

r e s t r i c t e d  as l i m i t e d  by the  molecular dimension o f  i n s u l i n  and i t s  i nhe ren t  

i n s t a b i l i t y ,  as a p r o t e i n  molecule. Also, the conventional methods o f  d e l i v e r y  

could no t  simulate the p rec i se  and soph is t i ca ted  feedback mechanism invo lved  

i n  the  phys io log ic  modulat ion o f  i n s u l i n  d e l i v e r y  i n  the human body i n  response 

t o  the  v a r i a t i o n  i n  blood glucose leve ls .  Since then a tremendous amount 

o f  e f f o r t  has been d i rec ted  towards i n s u l i n  d e l i v e r y ,  i n c l u d i n g  the recent  

e f f o r t s  t o  develop s e l f - r e g u l a t i n g  i n s u l i n  d e l i v e r y  systems. 

Each o f  the d e l i v e r y  methods and admin i s t ra t i on  routes has i t s  advantages 

and disadvantages and a s p e c i f i c  rou te  may be opt imal  f o r  a g iven c l i n i c a l  

a p p l i c a t i o n  (2,3). The o r a l  rou te  i s  n o t  a v i a b l e  one since i n s u l i n  i s  a 

p r o t e i n  molecule which i s  degraded e a s i l y  i n  the g a s t r o - i n t e s t i n a l  t r a c t .  

Parenteral routes achieve a d i r e c t  e n t r y  i n t o  the systemic c i r c u l a t i o n  and 

thus r a p i d  onset o f  act ion,  but  have the drawback o f  a sho r t  du ra t i on  o f  

a c t i o n  i n  a d d i t i o n  t o  sub jec t i ng  the p a t i e n t s  t o  constant pa in  and some psycho- 

l o g i c a l  s t ress  by needle i n s e r t i o n .  The r e c t a l  rou te  provides easy access, 

but  i t  i s  s o c i a l l y  undesirable. Also, most o f  these methods o f  d e l i v e r y  are 

no t  capable o f  r e g u l a t i n g  the d e l i v e r y  o f  i n s u l i n  i n  response t o  the change 

i n  blood glucose leve ls .  Add i t i ona l  complications are in t roduced by the c i r -  

cadian f l u c t u a t i o n  i n  the basal blood glucose l e v e l s .  A l l  these f a c t o r s  make 

the systemic d e l i v e r y  o f  i n s u l i n  a r a t h e r  d i f f i c u l t  and extremely chal lenging 

task. This review w i l l  discuss the various approaches t h a t  have been developed 

f o r  achiev ing the systemic d e l i v e r y  o f  i n s u l i n  and w i l l  a l so  i d e n t i f y  the 

f u t u r e  trends based on cu r ren t  research a c t i v i t y .  

11. Physicochernical and Biomedical Considerations i n  I n s u l i n  D e l i v e r y  

For a proper app rec ia t i on  o f  the chal lenges one may encounter i n  achiev ing 

the systemic d e l i v e r y  o f  i n s u l i n ,  a b r i e f  overview o f  physicochemical, pharma- 

c o k i n e t i c  and phys io log i ca l  f a c t o r s  invo lved would be h e l p f u l .  
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POTENTIAL DEVELOPMENTS IN SYSTEMIC DELIVERY OF INSULIN 1603 

Insulin 

Figure 1 - Molecular s t r u c t u r e  o f  i n s u l i n ,  a p r o t e i n  hormone, and i t s  amino 
a c i d  sequence. 

idues 

c rea t  

n s u l i n  i s  a proteinaceous macromolecule composed o f  51  amino a c i d  res- 

w i t h  a molecular weight o f  5,808 dal tons.  The beta c e l l s  o f  the pan- 

c i s l e t s  synthesize i n s u l i n  from a s ing le-chain precursor  known as 

"p ro insu l i n " .  P r o i n s u l i n  conta ins a connecting pept ide ( o r  C-peptide) which 

j o i n s  the amino terminus o f  A chain and the  carboxyl end o f  B chain. Upon 

conversion t o  i n s u l i n ,  the C-peptide i s  released. I n s u l i n  thus has two poly- 

peptide chains - an A chain w i t h  21 amino ac ids and a B chain w i t h  30 amino 

acids. These chains are cova len t l y  connected together  by two d i s u l f i d e  l i n k s  

(F igure 1). An extensive e a r l y  rev iew o f  the chemistry and b iochemist ry  o f  
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1604 CHIEN AND BANGA 

i n s u l i n  was pub l i shed  by Klostermeyer and Humbel (4). The physicochemical  

s t a b i l i t y  o f  i n s u l i n  fo rmu la t i ons  has been s t u d i e d  by seve ra l  i n v e s t i g a t o r s  

(5-8). Unfo r tuna te l y ,  chemical degradat ion o f  t h e  i n s u l i n  molecule i s  n o t  

n e c e s s a r i l y  r e f l e c t e d  i n  i t s  immunochemical o r  b i o l o g i c a l  potency, e.g. , 
degradat ion o f  i n s u l i n  by deamidat ion and po lymer i za t i on  cou ld  n o t  be de tec ted  

by t h e  immunochemical assay o f  t he  s t o r e d  samples (5). 

I n  a d d i t i o n  t o  the  needs t o  s t a b i l i z e  the  molecule chemica l l y ,  o t h e r  

p o t e n t i a l  problems i n  phys i ca l  s t a b i l i t y ,  such as se l f -agg rega t ion  o r  adsorp- 

t i o n  t o  c o n t a i n e r  sur faces,  must a l s o  be taken i n t o  cons ide ra t i on .  Losses 

by adso rp t i on  can be p a r t i c u l a r l y  s i g n i f i c a n t  a t  l ow  concen t ra t i ons  and can 

r e s u l t  i n  i n s u f f i c i e n t  dosage f o r  e f f e c t i v e  t rea tmen t  (9) .  The se l f -aggrega-  

t i o n  o f  i n s u l i n  molecules i s  a fundamental o b s t a c l e  t o  the  long- term app l i ca -  

t i o n  o f  many i n s u l i n  i n f u s i o n  pumps. It has been s t u d i e d  by severa l  inves-  

t i g a t o r s  (10-15) and found t o  be min imized by t h e  a d d i t i o n  o f  substances, l i k e  

urea (12). d i c a r b o x y l i c  amino acids,  such as a s p a r t i c  a c i d  and g lu tamic  a c i d  

(13), o r  o t h e r  reagents,  l i k e  g l y c e r o l  (14), EDTA, l y s i n e ,  T r i s  b u f f e r  o r  

b icarbonate b u f f e r  (15). An ex tens i ve  s tudy  o f  60 a d d i t i v e s  and 1,125 f o r -  

mu la t i ons  repo r ted  t h a t  non ion i c  s u r f a c t a n t s  such as P luo ron ic  F68 (Poloxamer 

188) , a polyoxyethylene-polyoxypropylene g l y c o l  s u r f a c t a n t ,  appear t o  be a 

promis ing s t a b i l i z e r  (11). Other conc lus ions  drawn by t h e  s tudy  were t h a t  

human i n s u l i n  aggregates more r e a d i l y  than po rk  o r  beef  i n s u l i n ;  i o n i c  i n g r e -  

d i e n t s  and pheno l i c  p r e s e r v a t i v e s  acce le ra te  the  aggregat ion o f  i n s u l i n ,  and 

z i n c  i n s u l i n  i s  more s t a b l e  than z i n c - f r e e  i n s u l i n .  

The pharmacodynamics o f  i n s u l i n  can be r e l a t e d  t o  t h e  pharmacokinet ic  

model by u s i n g  a h y p o t h e t i c a l  " e f f e c t  compartment'' l i n k e d  t o  the  c e n t r a l  com- 

partment.  Some e a r l i e r  s t u d i e s  had f o l l o w e d  the  r a t e  o f  d isappearance o f  

t he  hormone f o l l o w i n g  a bo lus  i n j e c t i o n  and v a r i a b l e  r e s u l t s  were repo r ted .  

However, Sherwin e t  a l .  (16) approached t h e  problem by i n f u s i o n  n o t  t o  a 

s teady-state concen t ra t i on ,  b u t  t o  a s teady -s ta te  b lood g lucose l e v e l .  A 

three-compartment model was found adequate t o  f i t  a l l  t h e  data f rom d i v e r s e  
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POTENTIAL DEVELOPMENTS IN SYSTEMIC DELIVERY OF INSULIN 1605 

exper imenta l  p r o t o c o l s .  Compartment 3, which could n o t  be sampled b u t  i n  

which the  concen t ra t i on  o f  i n s u l i n  cou ld  be ca l cu la ted ,  was the  compartment 

p e r t i n e n t  t o  glucose u t i l i z a t i o n .  T h i s  compartment p robab ly  cons is ted  o f  

t h e  i n t e r s t i t i a l  f l u i d  i n  the  muscle and adipose t i s s u e s  and was i n  s low 

e q u i l i b r i u m  w i t h  i n s u l i n  l e v e l s .  Mathematical  models f o r  t he  pharmacokinet ics  

and pharmacodynamics o f  i n s u l i n  can be i nco rpo ra ted  i n t o  computer ized d e l i v e r y  

systems f o r  an open-loop i n f u s i o n  pump ( 1 7 ) .  

Basal i n s u l i n  s e c r e t i o n  i n  the  h e a l t h y  sub jec ts  a l s o  shows a c i r c a d i a n  

rhythm which must be taken i n t o  cons ide ra t i on  i n  the  des ign  and o p e r a t i o n  

o f  an i n s u l i n  d e l i v e r y  system. It has been suggested t h a t  a l a r g e r  dose o f  

i n s u l i n  i s  needed i n  t h e  a f te rnoon  as w e l l  as a t  n i g h t .  T h i s  may be achieved 

b y  d e l i v e r i n g  i n s u l i n  v i a  a pump which i s  programmable i n  t ime  t o  mimic t h e  

p h y s i o l o g i c  c i r c a d i a n  base l i ne  o f  i n s u l i n  (18) .  Another s tudy  (19) reached 

s i m i l a r  conc lus ions i n  b o t h  normal and d i a b e t i c  rodents .  Normal mice showed 

a c i r c a d i a n  f l u c t u a t i o n  i n  the  basal  b lood  glucose l e v e l s  w i th  a peak o f  112 

mg/dl a t  2:30 pm. Greatest  s e n s i t i v i t y  t o  i n s u l i n  a l s o  occu r red  a t  2:30 pm, 

a t  which a 60% r e d u c t i o n  i n  b lood  glucose l e v e l  was observed. From 6:30 pm 

t o  10:30 am, on the  o t h e r  hand, the  i n s u l i n  produced o n l y  a 38% d e c l i n e  i n  

glucose l e v e l .  D i a b e t i c  mice a l s o  showed a c i r c a d i a n  v a r i a t i o n  w i t h  phases 

l i k e  t h a t  o f  normal mice, w i t h  basal  g lucose l e v e l s  peaking a t  438 mg/dl 

between 10:30 am and 2:30 pm (19) .  

The r a t e  o f  i n s u l i n  d e l i v e r y  f rom any d e l i v e r y  system must be cha rac te r -  

i z e d  by a s t a b i l i t y - i n d i c a t i n g  a n a l y t i c a l  procedure. HPLC has been suggested 

as being more p r e c i s e  i n  measurement o f  t he  potency than t h e  r a b b i t  assay 

(20)  o r  t h e  mouse b lood glucose assay (21) .  HPLC was a l s o  found t o  be capable 

o f  d i f f e r e n t i a t i n g  the  i n s u l i n s  f rom bovine, po rc ine  and human, and t o  be 

b o t h  rep roduc ib le  and s t a b i l i t y  i n d i c a t i n g .  For i n s u l i n  and i n s u l i n  i n j e c t i o n s  

subjected t o  acce le ra ted  s t a b i l i t y  t e s t s ,  t he  HPLC method d e t e c t s  t h e  decom- 

p o s i t i o n  t h a t  cannot be de tec ted  by e i t h e r  t h e  mouse b lood glucose assay o r  

t h e  immunochemical assay. 
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1606 CHIEN AND BANGA 

I n s u l i n  used i n  t h e  t h e r a p e u t i c s  o f  d iabe tes  m e l l i t u s  may be o f  bovine, 

po rc ine  o r  human o r i g i n .  It i s  g e n e r a l l y  agreed t h a t  po rk  i n s u l i n  i s  l e s s  

a n t i g e n i c  than beef  i n s u l i n ,  p robab ly  due t o  t h e  c l o s e r  chemical r e l a t i o n s h i p  

between pork and human i n s u l i n s  than between bee f  and human i n s u l i n s .  Human 

i n s u l i n  (Humulin" by Genentech-Eli L i l l y )  produced f rom E. C o l i  by g e n e t i c  

eng inee r ing  (20) i s  t h e  f i r s t  t h e r a p e u t i c  recombinant p roduc t  approved b y  

FDA f o r  marke t i ng  i n  1982 (22).  D e t a i l s  o f  p roduc t i on  and comparison w i th  

o t h e r  i n s u l i n s  have been repo r ted  (20,23-25). I n  c l i n i c a l  uses, t h e  thera-  

p e u t i c  e f f i c a c y  o f  Humulin" i s  s i m i l a r  t o  t h a t  o f  po rc ine  i n s u l i n .  However, 

t h e  lower  a n t i g e n i c i t y  o f  Humulin" r e l a t i v e  t o  t h e  p u r i f i e d  po rc ine  i n s u l i n  

cou ld  be of p o t e n t i a l  t h e r a p e u t i c  value. Thus, Humulin" should be used i n  

newly diagnosed d i a b e t i c s ,  i n  p a t i e n t s  t r e a t e d  i n t e r m i t t e n t l y  w i t h  i n s u l i n ,  

i n  p a t i e n t s  w i t h  immunological i n s u l i n  res i s tance ,  a l l e r g y  o r  l o c a l  r e a c t i o n  

a g a i n s t  animal i n s u l i n  (26) .  

111. Systemic D e l i v e r y  o f  I n s u l i n  

A. Approaches t o  Paren te ra l  Con t ro l  led/Susta ined D e l i v e r y  

1. Long-act ing I n j e c t a b l e s :  

I n s u l i n  can fo rm water-so lub le z i n c  i n s u l i n  complex w i t h  z i n c  i o n  i n  

a s u i t a b l e  b u f f e r  medium, which i s  i n  e i t h e r  c r y s t a l l i n e  o r  amorphous form. 

The c r y s t a l l i n i t y  o f  t he  complex can be c o n t r o l l e d  by c o n t r o l l i n g  t h e  pH o f  

t h e  b u f f e r  medium (27 ) .  The z i n c  i n s u l i n  complex has been used t o  fo rmu la te  

t h r e e  l ong -ac t i ng  i n s u l i n  p repara t i ons  w i t h  v a r y i n g  d u r a t i o n  o f  normoglycemic 

a c t i v i t i e s :  U l t ra len te " ,  Lente" and Semilente" i n s u l i n  (Table I), which 

a re  s t i l l  p o p u l a r l y  used today f o r  t he  t rea tmen t  o f  d iabetes.  

These p repara t i ons  d i f f e r  w i t h  respec t  t o  t h e i r  onset ,  d u r a t i o n  and 

i n t e n s i t y  o f  a c t i o n  f o l l o w i n g  subcutaneous a d m i n i s t r a t i o n .  The amorphous 

z i n c  i n s u l i n  complex p r e c i p i t a t e d  a t  pH 6-8 ( semi len te  i n s u l i n )  has a r a p i d  

onset  (0.5-1.0 hour)  and a moderate ly  l o n g  d u r a t i o n  o f  a c t i o n  (12-16 hours) 

as compared t o  r e g u l a r  i n s u l i n  ( 8  hours) .  On t h e  o t h e r  hand, a c loudy  suspen- 

s i o n  o f  c r y s t a l l i n e  z i n c  complex p r e c i p i t a t e d  a t  pH 5-6 ( u l t r a l e n t e  i n s u l i n )  
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POTENTIAL DEVELOPMENTS IN SYSTEMIC DELIVERY OF INSULIN 1607 

Table 1: Various Commercial I n s u l i n  Preparations and Durat ion o f  Normoglycemic 
A c t i v i t y  

I n s u l i n  Preparations 

Normoglycemic A c t i v i t y 1  

Peak Durat ion 
0 0 

I n s u l i n  i n j e c t i o n ,  USP 0.5-1.0 2- 3 6 

Semilente i n s u l i n 2  

Lente i n s u l i n 2  

UI t r a l e n t e  i n s u l  i n 2  

0.5-1.0 5- 7 12- 16 

1.0-1.5 8- 12 24 

4- 8 16- 18 >36 

G1 ob i  n-Zn- i nsul i n  i n j e c t i o n  , USP 2 8- 16 24 

Isophane i n s u l i n  suspension, USP 1-1.5 8- 12 24 

Protamine-Zn-insul in suspension, USP 4-8 14-20 36 

Humul in" R3 Rapid N/A 6- 8 

N3 Slower N/A 24 

1The t ime a t  which a c t i v i t y  i s  ev ident .  
ZDeveloped by Novo Terapeutisk Laboratorium A/S. 
kodeveloped by Greentech and E l i  L i l l y .  

Source: Compiled from Physic ians '  Desk Reference, 40th ed. (1986). 

has a much delayed onset (4-8 hours) and a l s o  a r a t h e r  long du ra t i on  o f  a c t i o n  

(36 hours). A mix ture o f  c r y s t a l l i n e  ( 7  p a r t s )  and amorphous ( 3  p a r t s )  i n -  

s u l i n s  ( l e n t e  i n s u l i n )  i s  in termediate i n  onset (1.0-1.5 hours) and i n t e r -  

mediate du ra t i on  o f  a c t i o n  (24 hours) (28,29). 

Attempts have a l so  been made t o  pro long the normoglycemic a c t i o n  o f  

i n s u l i n  by ent rapping i t  i n  a l iposome/collagen ge l  m a t r i x  f o r  subcutaneous 

admi n i  s t r a t i  on ( 30). 

2. Novel I n j e c t o r s :  

A j e t - t y p e  i n j e c t o r ,  which i s  a high-pressure device t h a t  propels a 

f l u i d  through a very f i n e  o r i f i c e ,  has been used f o r  t he  parentera l  admin is t ra-  

t i o n  o f  i n s u l i n .  A t  h igh  v e l o c i t y ,  the f l u i d  p ierces the epidermis and spreads 
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1608 CHIEN AND BANGA 

F igu re  2 

Nozzle 
and Cap 
Nozzle 
and Cap 

Window for Insulin 
Units Loaded 

Trigger Button 
(Security Position) 

Power 
Pack 

Diagram showing t h e  main components o f  P rec i - Je t@ 50 and Adapt-0-Jet 
( v i a l  h o l d e r ) .  For  f i l l i n g  w i t h  i n s u l i n ,  n o z z l e  i s  unscrewed and 
rep laced  w i t h  Adapt-0-Jet and i n s u l i n  v i a l .  I n j e c t o r  i s  f i l l e d  
by  t u r n i n g  power r a c k  coun te rc lockw ise  u n t i l  t h e  number on smal l  
window i n d i c a t e s  t h e  number o f  i n s u l i n  u n i t s  r e q u i r e d .  Nozzle 
i s  t hen  screwed back i n t o  p o s i t i o n  and pressure  i s  genera ted  by 
t u r n i n g  power pack c lockw ise  u n t i l  a c l i c k  i s  heard.  ( M o d i f i e d  
f rom Lindmayer e t  a l . ,  1986) 

t h e  i n s u l i n  s o l u t i o n  i n t o  t h e  subcutaneous t i s s u e s  w i t h o u t  t h e  need t o  use 

a need le  (31,32). A r e c e n t l y  developed j e t  i n j e c t o r ,  c a l l e d  Prec i -Je t -50"  

( F i g u r e  2),  has a compact des ign  w i t h  t h e  c a p a b i l i t y  o f  m i x i n g  two t ypes  o f  

i n s u l i n  t o g e t h e r  d u r i n g  t h e  t ime  o f  d e l i v e r y  (33 ,34 ) .  A sp r ink le r - shaped  

need le  f o r  i n s u l i n  i n j e c t i o n  has a l s o  been r e c e n t l y  designed (35) .  
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POTENTIAL DEVELOPMENTS I N  SYSTEMIC DELIVERY OF I N S U L I N  1609 

Another development has been the design o f  an i n s u l i n - i n j e c t i o n  pen, 

c a l l e d  Novopen@, which i s  a pocket-sized apparatus t h a t  resembles a foun ta in  

pen. When f i t t e d  w i t h  a disposable needle and unit-dose ampule o f  i n s u l i n ,  

i t  becomes a por tab le,  se l f -conta ined i n s u l i n  syr inge (36). 

3. I n fus ion  Pumps: 

Even though continuous, subcutaneous d e l i v e r y  o f  i n s u l i n  through i n f u s i o n  

pumps, l i k e  Continuous Subcutaneous I n s u l i n  In fus ion  (CSI I )  devices, has been 

i n  p r a c t i c e  f o r  a l ong  t ime (37-39), some concerns have been expressed on 

poss ib le  increase i n  m o r t a l i t y  (40), m o r b i d i t y  due t o  mechanical f a i l u r e  (41), 

o r  l ack  o f  data on long-term sa fe ty  o f  the treatment (42), which suggest t h a t  

f u r t h e r  long-term assessment o f  these devices i s  needed. 

Recent advances i n  parentera l  i n s u l i n  admin i s t ra t i on  i nc lude  the develop- 

ment o f  computer-driven i n s u l i n  i n f u s i o n  pumps, which moni tor  glucose concen- 

t r a t i o n s  i n  e i t h e r  a closed-loop o r  open-loop system (17). For example, 

i n t r a p e r i t o n e a l  d e l i v e r y  o f  i n s u l i n  through a s team-s te r i l i zab le  micropump, 

c a l l e d  c o n t r o l l e d  re lease micropump (CRM), has been inves t i ga ted  i n  dogs by 

implantat ion (43,44). The CRM, which was used i n  conjunct ion w i t h  an open-loop 

con t ro l  system, can d e l i v e r  i n s u l i n  a t  two leve ls :  basal d e l i v e r y  f o r  between 

meals and augmented d e l i v e r y  f o r  sho r t  per iods f o l l o w i n g  the i nges t i on  o f  

meals. The r a t e  o f  d e l i v e r y  can be adjusted t o  meet the i n s u l i n  requirement 

o f  the respect ive meal. The concentrat ion d i f f e rence  between the  i n s u l i n  

r e s e r v o i r  i n  the  CRM and the surrounding body f l u i d  r e s u l t s  i n  d i f f u s i o n  o f  

i n s u l i n  a t  the basal d e l i v e r y  r a t e  w i t h  no a p p l i c a t i o n  o f  ex te rna l  power 

source t o  the  pump. Augmented d e l i v e r y  i s  achieved by repeated compression 

o f  the foam membrane by the  coated m i l d  s tee l  p i s ton .  The p i s t o n  i s  the 

core o f  the solenoid and compression i s  e f fec ted  when cu r ren t  i s  app l i ed  

t o  the solenoid c e l l  (F igure 3). Development o f  a p i e z o e l e c t r i c  c o n t r o l l e d  

micropump (P-CRM) has been r e c e n t l y  repor ted (45).  
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1610 CHIEN AND BANGA 

Controlled-release Micropump (CRM) III 

reservoir outlet 
reservoir inlet 

SlLASTlC coating 

hydrophiltc membrane 
E piston restraint 

to power supply 

peritoneal wall secured 
between skirt and pump 

base 

SlLASTlC skirt 
pump outlet (foam) 

Subcutaneous fascia 

External oblique muscle Sk 
Internal oblique muscle 

Transverse muscle 

Peritoneal cavity 

Figure 3 - Diagrammatic illustration o f  the controlled release micropump ( A )  
and its intraperitoneal implantation in the pancreatectomized dogs. 
(Reproduced from Sefton et al., 1984) 
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POTENTIAL DEVELOPMENTS IN SYSTEMIC DELIVERY OF INSULIN 

\ 
Insulin 

Reservoir 

1611 

Oxidale Gluconic 
Glucose * Acid 

-NR2 Acidlc pH* 

@ 
-N RaH He 

Bioresponsive, Feedback-controlled 

Insulin Delivery System 

Amine-containing 
HY drogel Membrane 

Glucose Oxidase 

Glucose - 

Hydrogel Membrane Swells 

I ns u I i n ,-W 

Swollen Membrane 

Figure 4 - Cross-sectional view o f  the bioresponsive insulin delivery system 
which applies glucose-sensitive hydrogel membrane to control the 
delivery o f  insulin in response t o  the influx o f  glucose. (Based 
on Horbett e t  a l . ,  1983) 
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CHIEN AND BANGA 1612 

4. Se l f -Requ la t i ng  D e l i v e r y  Systems: 

Several  i n v e s t i g a t o r s  have been a c t i v e l y  t r y i n g  t o  des ign an i n s u l i n  

d e l i v e r y  system which w i l l  have a p h y s i o l o g i c a l  feedback mechanism so t h a t  

i n s u l i n  re lease  can be s e l f - r e g u l a t i n g  i n  response t o  changing b lood  g lucose 

l e v e l s .  Such a system would thus f u n c t i o n  as an " a r t i f i c i a l "  beta c e l l .  

Ho rbe t t  e t  a l .  (46,471 used a g lucose -sens i t i ve  membrane f a b r i c a t e d  f rom 

a glucose oxidase-entrapped hydrogel  polymer c o n t a i n i n g  pendant amine groups 

(F igu re  4). As glucose d i f f u s e s  i n t o  t h e  polymer, g lucose ox idase ca ta l yzes  

i t s  convers ion t o  g lucon ic  ac id ,  t he reby  l ower ing  the  microenvironment pH 

w i t h i n  the  membrane. The reduced pH r e s u l t s  i n  increased i o n i z a t i o n  o f  t he  

pendant amine groups. The e l e c t r o s t a t i c  r e p u l s i o n  between i o n i z e d  amine 

groups increases the  degree o f  s w e l l i n g  and thus i nc reases  the  p e r m e a b i l i t y  

o f  t he  hydrogel  membrane t o  i n s u l i n  conta ined i n  t h e  r e s e r v o i r .  U l t i m a t e l y ,  

then, t h e  membrane p e r m e a b i l i t y  t o  i n s u l i n  i s  a f u n c t i o n  o f  g lucose concen- 

t r a t i o n  o u t s i d e  the  membrane and i n s u l i n  d e l i v e r y  i s  acce le ra ted  by the  in-  

crease i n  glucose l e v e l  (48) .  

The enzymatic convers ion o f  g lucose t o  g lucon ic  a c i d  by g lucose ox idase 

has a l s o  been u t i l i z e d  i n  t h e  des ign o f  a c losed- loop po lymer i c  i n s u l i n  de- 

l i v e r y  system. I n  t h e  system, i n s u l i n  was inco rpo ra ted ,  i n  s o l i d  form, i n t o  

EVAc m a t r i x ,  so t h a t  t he  re lease  o f  i n s u l i n  was governed by i t s  d i s s o l u t i o n  

r a t e  and d i f f u s i o n  r a t e .  Feedback c o n t r o l  was mediated by g lucose ox idase 

immobi l ized t o  sepharose beads which were a l s o  i nco rpo ra ted  a long  w i t h  i n s u l i n  

i n t o  t h e  EVAc m a t r i x .  As glucose en te red  t h e  m a t r i x ,  g lucon ic  a c i d  was pro-  

duced. The g lucon ic  a c i d  caused a f a l l  i n  the  microenvironment pH o f  t he  

ma t r i x ,  which t r i g g e r e d  a r i s e  i n  i n s u l i n  s o l u b i l i t y  and, consequent ly,  an 

increase i n  t h e  re lease  r a t e  c i f  i n s u l i n  f rom t h e  m a t r i x  (49).  

Another p o t e n t i a l  method t o  achieve the  s e l f - r e g u l a t i n g  d e l i v e r y  o f  

i n s u l i n  i s  t o  use a b iochemical  approach based on t h e  p r i n i c p l e  o f  c o m p e t i t i v e  

and complementary b i n d i n g  behavior  o f  concanaval in  (Con) A w i t h  g lucose and 

g l y c o s y l a t e d  i n s u l i n  ( G - i n s u l i n )  (50-54). As the  g lucose l e v e l  increases,  
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POTENTIAL DEVELOPMENTS I N  SYSTEMIC DELIVERY OF INSULIN 1613 

the i n f l u x  o f  glucose t o  the pouch increases, d i sp lac ing  G- insu l i n  from Con 

A substrate. I nc reas ing l y  displaced G- insul in  i n  the pouch r e s u l t s  i n  e f f l u x  

o f  G- insul in  t o  the body (F igure 5).  

5. C o l l o i d a l  Druq D e l i v e r y  Systems: 

C o l l o i d a l  preparat ions can be administered by parentera l  routes and 

may be usefu l  as i n j e c t a b l e  sustained-release d e l i v e r y  system f o r  i n s u l i n .  

C o l l o i d a l  c a r r i e r  system inc lude  liposomes, nanopar t ic les and pharmacosomes. 

The use o f  liposomes f o r  i n s u l i n  d e l i v e r y  w i l l  be discussed l a t e r  under o r a l  

d e l i v e r y  (Sect ion 111-B-3). Pharmacosomes are c o l l o i d a l  d ispers ions o f  drugs 

cova len t l y  bound t o  l i p i d s .  A recent  r e p o r t  ( 5 5 )  has described the  coupl ing 

o f  i n s u l i n  t o  a l i p i d  ( l Y 3 - d i p a l m i t o y l  g l yce r ide )  through the  a i d  o f  spacers 

on p o s i t i o n  1 ( o f  A-chain) and p o s i t i o n s  1 and 29 ( o f  9-chain). Thus, t he  

po la r  h y d r o p h i l i c  macromolecule gets converted t o  a amb iph i l i c  prodrug-type 

i n a c t i v e  i n s u l i n - e s t e r  which spontaneously forms m in i ves i c les ,  c a l l e d  pharma- 

cosomes, i n  aqueous medium. However, the hypoglycemic a c t i v i t y  and drug 

d e l i v e r y  designs o f  t h i s  formulat ion are y e t  t o  be establ ished.  

6. Approaches to Nan-invasive Systemic Delivery 

The p o t e n t i a l  routes f o r  non-invasive systemic d e l i v e r y  o f  i n s u l i n  i nc lude  

t h e  nasal , buccal, r e c t a l  , vaginal , transdermal , ocular ,  o r a l  and pulmonary 

routes. A recent  study (56) compared the i n s u l i n  absorpt ion from var ious 

non-parental routes o f  admin i s t ra t i on .  By r e c t a l  de l i ve ry ,  i n s u l i n  was found 

t o  be more e f f i c a c i o u s  than d e l i v e r y  through nasal , buccal and subl ingual  

routes, when administered w i thou t  an absorption-promoting adjuvant. However, 

the e f f i c a c y  was low as compared t o  in t ramuscular  admin i s t ra t i on .  When sodium 

glycocholate, an absorption-promoting adjuvant, was co-administered, t he  

e f f i c a c y  o f  i n s u l i n  de l i ve red  through var ious non-parenteral routes was en- 

hanced w i t h  the rank o rde r  o f :  nasal > r e c t a l  > buccal > subl ingual ,  whereas 

nasal and r e c t a l  i n s u l i n  are roughly h a l f  as e f f i c a c i o u s  as in t ramuscular  

i n s u l i n .  A d iscuss ion o f  the r e l a t i v e  advantages and disadvantages o f  each 
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1614 CHIEN AND BANGA 

-------------------I 

F F  F F F  
I 4 4  c 

I I I 1 I 

Self-regulating Insulin Delivery Systems 
(Biochemical Approach) 

Pancreatectomized Dogs 

lated 

Gluc 

G-In 

(GI Insulin 

ose In 

sulin Out 

Normoglycemic 11 Level 

F = Feeding 

F i g u r e  5 - Diagrammatic i l l u s t r a t i o n  o f  a s e l f - r e g u l a t i n g  i n s u l i n  d e l i v e r y  
system which r e l e a s e s  g l y c o s y l a t e d  i n s u l i n  i n  response t o  t h e  
i n f l u x  o f  glucose and t h e  c o n t r o l  o f  b lood  glucose l e v e l  i n  t h e  
pancreatectomized dogs. (Based on Jeong e t  a l . ,  1984). 
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1615 POTENTIAL DEVELOPMENTS IN SYSTEMIC DELIVERY OF INSULIN 

o f  these non-parenteral routes can be found i n  a recent  comprehensive rev iew 

on the systemic d e l i v e r y  o f  therapeut ic  peptides and p ro te ins  (57). The 

p o t e n t i a l  o f  these routes f o r  the d e l i v e r y  o f  i n s u l i n  i s  discussed i n  the 

f o l l o w i n g  sections. 

1. Nasal Del ivery :  

I n s u l i n  has been ex tens i ve l y  s tud ied f o r  f e a s i b i l i t y  o f  i n t ranasa l  de- 

l i v e r y  (58-61). The p o t e n t i a l  a p p l i c a t i o n  o f  nasal mucosa f o r  systemic de- 

l i v e r y  o f  pept ide/prote in  drugs, i n c l u d i n g  i n s u l i n ,  and non-peptide drugs 

have been ex tens i ve l y  reviewed (62,63). The hypoglycemic a c t i o n  o f  nasal 

i n s u l i n  was found t o  be pH dependent. The transnasal pe rmeab i l i t y  and nasal 

absorpt ion o f  i n s u l i n  were found t o  be enhanced by us ing permeation enhancers 

such as the b i l e  s a l t s  (e.g., glyco- and deoxy-cholate) o r  o the r  su r fac tan ts  

(F igure 6). By us ing these adjuvants, the t h e r a p e u t i c a l l y - e f f e c t i v e  plasma 

l e v e l s  o f  i n s u l i n  necessary f o r  i t s  normoglycemic e f f e c t s  have been achieved 

(64-66). Gordon e t  a l .  (67) repor ted 2.4 mM as the minimum concentrat ion o f  

sodium deoxycholate requ i red  t o  enhance the transnasal permeation o f  i n s u l i n .  

By vary ing the concentrat ions o f  sodium deoxycholate coadministered, t hey  

demonstrated t h a t  t h e r a p e u t i c a l l y  usefu l  amounts o f  i n s u l i n  can be absorbed 

n a s a l l y  i n  hea l thy  human volunteers. The nasal absorpt ion o f  i n s u l i n  was 

found t o  c o r r e l a t e  p o s i t i v e l y  w i t h  the h y d r o p h i l i c i t y  o f  the b i l e  s a l t s  w i t h  

the rank order  o f :  deoxycholate > chenodeoxycholate > cholate > ursodeoxy- 

cholate (67). Recently, Sodium taurodihydrofus idate,  a novel de te rgen t - l i ke  

adjuvant, has a l so  been demonstrated as an e x c e l l e n t  enhancer f o r  the systemic 

d e l i v e r y  o f  i n s u l i n  by i n t ranasa l  admin i s t ra t i on  (68). 

2. Buccal Del ivery :  

A mucosal adhesive d e l i v e r y  system was developed f o r  t he  buccal d e l i v e r y  

o f  i n s u l i n  (69-72). It was found t h a t  i n s u l i n  can n o t  be e f f e c t i v e l y  absorbed 

fmn a simple disk-shaped dosage form, prepared by d i r e c t  CompreSSiOn Of 

i n s u l i n  i n  a mix ture o f  hydroxypropylce l lu lose (HPC) and Carbomer (Carbopol 

934) (CM). But, some buccal absorpt ion was achieved by prepar ing a dome-shaped 
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Effect Of Surfactant 

CHIEN AND BANGA 
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F igu re  6 - Enhancing e f f e c t  o f  s u r f a c t a n t  on t h e  nasal  abso rp t i on  o f  i n s u l i n  
and t h e  r e d u c t i o n  i n  plasma g lucose l e v e l s  i n  t h e  dogs. (Based 
on Hara i  e t  a l . ,  1978) 

two-phased mucosal adhesive dev ice (71),  w i t h  an adhesive p e r i p h e r a l  l a y e r  and 

an o leaginous co re  (F igu re  7 ) .  The co re  was prepared by d i s p e r s i n g  i n s u l i n  

and sodium g l ycocho la te  i n  a cocoa b u t t e r  base, w h i l e  t h e  adhesive p e r i p h e r a l  

l a y e r  was made f rom a b lend o f  HPC and CM. Th i s  mucosal adhesive dev ice 

adhered t i g h t l y  t o  the  o r a l  mucosa o f  t h e  dogs i n  a g e l - l i k e  swol len s t a t e ,  

and i t s  shape was mainta ined f o r  l onger  than 6 hours.  The systemic b i o a v a i l -  

a b i l i t y  o f  i n s u l i n ,  i n  comparison w i t h  i n t ramuscu la r  a d m i n i s t r a t i o n ,  was 

found t o  be o n l y  0.5%. The systemic b i o a v a i l a b i l i t y  was improved by the  use 

o f  permeat ion enhancers, e.g. , sodium g l ycocho la te .  Even though t h e  t o t a l  

b i o a v a i l a b i l i t y  was s t i l l  ve ry  low, t h e  e f f e c t i v e  plasma c o n c e n t r a t i o n  o f  

i n s u l i n  was achieved and the  b lood  g lucose l e v e l  was s u b s t a n t i a l l y  reduced 

(F igu re  8 ) .  Because o f  anatomical  and p h y s i o l o g i c a l  d i f f e r e n c e s  among va r ious  

o r a l  mucosal t i s s u e s ,  t h e  l o c a t i o n  f o r  buccal  d e l i v e r y  should be c a r e f u l l y  

se lected.  A methodology t o  compare p e r m e a b i l i t i e s  o f  d i f f e r e n t  o r a l  mucosal 

s i t e s  has been r e c e n t l y  repo r ted  (73) .  
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POTENTIAL DEVELOPMENTS IN SYSTEMIC DELIVERY OF INSULIN 1617 

Mucosal Adhesive Device 
(Nagai 8 Machida, 1985) 

Cross-section -77 
/ M e d i c a t e d  C o r e  

Ins u I i n 
Na-glycoc h o l a t e  

Adhesive 
Dome 

\ Cocoa Butter 

Bottom 

View - 

Application To Oral Mucosa 

O r a l  M u c o s a  

Saliva-activated w I Gela t i on  6 Adhesion 

t 
Drug 

F igu re  7 - Diagrammatic i l l u s t r a t i o n  of t he  dome-shaped mucosal adhesive 
dev ice and i t s  a p p l i c a t i o n  t o  o r a l  mucosa. (Based on Nagai & 
Machida, 1985) 

3. Ora l  D e l i v e r y :  

For an o r a l l y  admin i s te red  pep t ide  t o  reach i t s  s i t e  o f  a c t i o n ,  i t  must 

be a b l e  t o  r e s i s t  any chemical and enzymatic degradat ion i n  t h e  g u t  lumen, 

and then, a f t e r  p e n e t r a t i o n  o f  t h e  mucosal membrane, t o  escape the  " f i r s t  

pass" metabol ism and c learance by the  g u t  mucosa and l i v e r  (74).  Only  a ve ry  

smal l  f r a c t i o n  o f  o r a l  i n s u l i n  dose becomes a v a i l a b l e  f o r  abso rp t i on  through 

the  g a s t r o i n t e s t i n a l  membrane (75 ,76) .  The absorp t i on  o f  i n s u l i n  f rom t h e  

i n t e s t i n e  was shown t o  be f e a s i b l e  i f  i t  i s  i n j e c t e d  d i r e c t l y  i n t o  t h e  ascend- 

i n g  co lon w i t h  sodium debxycholate (77) .  A 50% r e d u c t i o n  i n  b lood glucose 

l e v e l s  cou ld  be obta ined by t h i s  approach. On the  o t h e r  hand, a s i m i l a r  

i n j e c t i o n  i n t o  the  i l e u m  d i d  n o t  r e s u l t  i n  any l ower ing  o f  t he  b lood glucose 

l e v e l s  un less i n s u l i n  i s  i n j e c t e d  w i t h  a t r y p s i n  i n h i b i t o r ;  t h i s  e f f e c t  i s  

due t o  the  r a p i d  d i g e s t i o n  o f  i n s u l i n  b y  t h e  p r o t e o l y t i c  enzymes p resen t  i n  
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1618 CHIEN AND BANGA 

F i g u r e  8 - Time course f o r  t h e  i n c r e a s e  i n  t h e  plasma i n s u l i n  l e v e l s  ( A )  and 
t h e  r e d u c t i o n  i n  blood glucose l e v e l s  ( B )  i n  beag le  dogs f o l l o w i n g  
t h e  buccal  a d m i n i s t r a t i o n  o f  i n s u l i n  from t h e  mucosal adhes ive  
dev ice  shown i n  F i g u r e  7 .  (0)  c o n t r o l  (A) i n s u l i n  (10 mg); (0 )  
i n s u l i n  (10 mg) + sodium g l y c o l a t e  . ( R e p l o t t e d  f rom Nagai and 
Mahida, 1985) 
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POTENTIAL DEVELOPMENTS IN SYSTEMIC DELIVERY OF INSULIN 1619 

the ileum. 

insulin absorption from the large and small intestines. 

Another recent study (78) also reported that bile salts can promote 

One approach to circumvent the digestion of insulin in the gastro-intes- 

tinal tract is to protect insulin by coating with a polymer film which is 

not susceptible to the action of digestive enzymes. If this coating can 

be made to degrade only in the colon, then insulin will be released in a 

region of the intestine devoid of digestive enzymes. Such an approach was 

utilized by Saffran et a1 (79) who used polymer cross-linked with azoaromatic 

groups, which protected insulin from digestion in the stomach. When the 

azopolymer-coated insulin reached the large intestine, the microflora reduced 

the azo bonds, broke the crosslinks and degraded the polymer film, thereby 

releasing insulin into the lumen of the colon for absorption. The ability 

of the azopolymer coating to protect and deliver orally-administered insulin 

was demonstrated in rats. 

The feasibility o f  using liposomes as a potential delivery system for the 

oral delivery of insulin has been extensively studied (80-83). Arrieta-Molero 

et a1 (84) suggested that oral administration of insulin entrapped in liposomes 

is effective in reducing the blood glucose level of diabetic animals; however, 

the stability and effectiveness of insulin-containing liposomes have been 

found to be rather unpredictable. Dobre et a1 (85) demonstrated a lowering 

of blood glucose levels in normal rats following the oral administration o f  

insulin entrapped in phosphatidylcholine-cholesterol liposomes. However, 

negative results have also been reported (86,87). So, the feasibility of 

oral delivery of insulin by liposomal entrapment needs further work and stan- 

dardization of liposome composition and stability. 

Another approach for targeted enteral delivery of insulin was recently 

reported (88). It was developed by encapsulating insulin in a small soft 

gelatin capsule coated with polyacrylic polymer (Eudragit") having pH-dependent 

properties. Nanocapsules of isobutyl cyanoacrylate have also been used to 
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1620 CHIEN AND BANGA 

encapsulate i n s u l i n  (89) .  These b iodegradable po l ymer i c  nanocapsules have 

been used as t h e  o r a l  d e l i v e r y  system f o r  i n s u l i n  t o  enhance i t s  t h e r a p e u t i c  

e f f i c a c y .  They were found t o  normal ize hyperglycemia i n  d i a b e t i c  r a t s  when 

admin is tered i n t r a g a s t r i c a l l y .  

S h i c h i r i  e t  a1 (90) used a wa te r /o i l /wa te r - t ype  m u l t i p l e  emuls ion t o  

d e l i v e r  i n s u l i n  o r a l l y  t o  r a b b i t s  and d i a b e t i c  r a t s  v i a  an i n d w e l l i n g  c a t h e t e r  

i n  t h e  je junum and observed a r e d u c t i o n  i n  the  u r i n a r y  glucose l e v e l  i n  t h e  

d i a b e t i c  r a t s .  It has a l s o  been suggested t h a t  o r a l  abso rp t i on  o f  i n s u l i n  

may be enhanced by s imultaneous a d m i n i s t r a t i o n  o f  an i n h i b i t o r  f o r  p r o t e o l y t i c  

enzyme w i t h  i n s u l i n .  

4. Recta l  D e l i v e r y :  

Extens ive s t u d i e s  have been conducted on the  r e c t a l  abso rp t i on  o f  i n s u l i n  

(91-97) and on the  f e a s i b i l i t y  o f  enhancing t h e  r e c t a l  p e r m e a b i l i t y  o f  i n s u l i n  

by us ing  adjuvants  (98-112). The r e c t a l  abso rp t i on  o f  i n s u l i n  d e l i v e r e d  by 

a microenema was repo r ted  t o  be s i g n i f i c a n t l y  promoted a f t e r  c o a d m i n i s t r a t i o n  

o f  sodium 5-methoxysal icy la te (SMS) (103),  whereas sodium s a l i c y l a t e  was 

found t o  be l e s s  e f f e c t i v e  as an abso rp t i on  enhancer. A d d i t i o n  o f  4% g e l a t i n  

was observed t o  have a s y n e r g i s t i c  e f f e c t  on the  enhancement o f  r e c t a l  absorp- 

t i o n  o f  i n s u l i n  by SMS (F igu re  9 ) .  A systemic b i o a v a i l a b i l i t y  o f  app rox ima te l y  

25% (compared t o  i .m. a d m i n i s t r a t i o n )  was achieved. The ad juvan t  abso rp t i on  

promot ing e f f e c t  o f  SMS on t h e  r e c t a l  d e l i v e r y  o f  i n s u l i n  was r e c e n t l y  compared 

w i t h  sodium 3 , 5 - d i i o d o s a l i c y l a t e  (SOS), a h i g h l y  l i p o p h i l i c  s a l i c y l a t e ,  i n  

r a t s  (104). The r e s u l t s  i n d i c a t e d  t h a t  SMS produces a c l a s s i c a l ,  s igmoidal  

log-dose response curve w i t h  maximal hypoglycemic e f f e c t  achieved a t  mo la r  

concen t ra t i on  g r e a t e r  than 0.25 M, whereas SDS y i e l d s  a be1 1-shaped log-dose 

response curve w i t h  equ iva len t ,  peak hypoglycemic e f f e c t  a t t a i n e d  a t  a lower  

molar  concen t ra t i on  (0.05 M I .  The g r e a t e r  ad juvant  abso rp t i on  promoter e f f i -  

cacy o f  SOS could be a t t r i b u t e d  t o  i t s  h i g h e r  l i p o p h i l i c i t y  as demonstrated 

e a r l i e r  by l e v i t a n  and Barker  (105).  
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1621 POTENTIAL DEVELOPMENTS IN SYSTEMIC DELIVERY OF INSULIN 

100 

50 

0 

I.M. In Dogs 
(5 1U Insulin) 

Rectal Delivery Of Insulin 
(20 lU/Na~5-methoxysalicylate) 

A 

T 

6 

- 
0 1 2 0  1 2 

C Gelatin 
T -  (4%) 

0 1 2 

Time Following Administration (hrs) 

Figure 9 - Time course for the increase in plasma insulin levels (0) and the 
reduction in blood glucose levels (0) in dogs following intramus- 
cular administration of insulin (5 IU; A )  or rectal delivery of 
insulin (20 IU) via a microenema containing 150 rng of sodium 5- 
methoysalicylate ( B )  plus 4% gelatin (C). (Replotted from Nishihata 
et al., 1983) 

Phenylglycine enamines of various di ketones, e.g., ethylacetoacetate, 

have also been observed to be effective in promoting the rectal absorption 

of insulin (101,108). Touitou et al. (98) achieved hypoglycemia in the rats 

by administering insulin, via rectal (and vaginal) rou$es, in a dosage form 

containing polyethylene glycols and a surface-active agent. The influence 

of different suppository bases on the systemic bioavailability of insulin 

was also reported (113). Recently, it has been reported that a solid disper- 

sion o f  insulin with sodium salicylate or mannitol can produce a rapid release 

of insulin from suppositories. Even at doses as low as 0.5 IU/Kg, a signifi- 

cant decrease in plasma glucose concentration was observed in dogs. The 

addition of lecithin to the suppository base has reportedly prolonged the 

effect of salicylate, as an adjuvant, due to its effect on the prolonged 
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CHIEN AND BANGA 1622 

re lease  o f  sodium s a l i c y l a t e  (97).  B i l e  s a l t s ,  sodium deoxycholate o r  sodium 

c h o l a t e  have a l s o  been shown t o  enhance the  r e c t a l  d e l i v e r y  o f  i n s u l i n  i n  

r a t s  (114) and human vo lun tee rs  (115).  

5. Transdermal De l i ve ry :  

Transdermal d e l i v e r y  o f  i n s u l i n  under pass ive c o n d i t i o n s  i s  u n l i k e l y  t o  

be successfu l ,  l a r g e l y  because o f  t h e  l a r g e  mo lecu la r  s i z e  and h y d r o p h i l i c i t y  

o f  t h e  i n s u l i n  molecule and a l s o  because o f  t h e  l i p o p h i l i c  n a t u r e  o f  t h e  

s t ra tum corneum. The use o f  enhancers may ho ld  some promise. However, these 

b a r r i e r s  t o  t ransdermal d e l i v e r y  o f  i n s u l i n  can be surmounted by t h e  technique 

o f  i on tophores i s ,  which d e l i v e r s  i o n i c  drugs i n t o  the  body by t h e  use o f  

a phys io log i ca l l y -accep tab le  e l e c t r i c  c u r r e n t .  I o n t o p h o r e t i c  t r a n s d  

d e l i v e r y  has been t h e  s u b j e c t  o f  severa l  recen t  i n v e s t i g a t i o n s  (116).  

The u n d e r l y i n g  p r i n c i p l e s  and the  i n t r i c a c i e s  o f  i o n t o p h o r e t i c  

d e l i v e r y  have been reviewed (116). S tud ies  have been i n i t i a t e d  t o  i n v e s t  

t he  i o n t o p h o r e t i c  d e l i v e r y  o f  i n s u l i n  (117-123) and encouraging r e s u l t s  

rma 1 

drug 

gate 

have 

been obtained. The i n - v i t r o  permeat ion p r o f i l e s  o f  i n s u l i n  across t h e  f r e s h l y  

exc i sed  h a i r l e s s  r a t  s k i n  was s u b s t a n t i a l l y  f a c i l i t a t e d  by i on tophores i s  

t reatment  (F igu re  10). I n - v i v o  i o n t o p h o r e t i c  d e l i v e r y  o f  i n s u l i n  i n  d i a b e t i c  

h a i r l e s s  r a t s  and d i a b e t i c  r a b b i t s  a l s o  p rov ides  the  pharmacokinet ic  and 

pharmacodynamic data t o  demonstrate t h e  f e a s i b i l i t y  o f  t ransdermal i o n t o -  

p h o r e t i c  d e l i v e r y  o f  i n s u l i n  (F igu re  11) and i t s  p o t e n t i a l  advantages (123- 

128). Recent ly,  t ransdermal d e l i v e r y  o f  i n s u l i n  by e lec t roosmos is  has a l s o  

been repo r ted  (129). The r a t e  o f  t ransdermal i o n t o p h o r e t i c  d e l i v e r y  o f  i n s u l i n  

was found t o  be dependent upon the  physicochemical  p r o p e r t i e s  o f  t h e  formula-  

t i o n ,  e.g., pH, i o n i c  s t r e n g t h  and e l e c t r o l y t e  concen t ra t i on ,  and the  e lec -  

t r o n i c  v a r i a b l e s  o f  the i o n t o p h o r e t i c  d e l i v e r y  systems, e.g., c u r r e n t  i n t e n -  

s i t y ,  waveform, f requency, o n / o f f  r a t i o  and t reatment  d u r a t i o n  (123). 

6. Pulmonary D e l i v e r y :  

Absorpt ion o f  i n s u l i n  f rom t h e  r e s p i r a t o r y  mucosa has been r e p o r t e d  

(130) .  An ae roso l - t ype  dosage fo rm f o r  i n s u l i n  d e l i v e r y  by i n h a l a t i o n  was 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



POTENTIAL DEVELOPMENTS IN SYSTEMIC DELIVERY OF INSULIN 1623 

0.40 

IC Current (Hairless Rat) 
(0.62 mA/cd, 1 hr., 2KH2, 1 : l )  - 

T 

0 15 50 45 75 

TIME (HOURS) 

Figure 10 - The i n - v i t r o  permeation p r o f i l e  o f  i n s u l i n  across h a i r l e s s  r a t  
sk in  and the enhancement by treatment w i t h  a p e r i o d i c  cu r ren t ,  
de l i ve red  by transdermal i on to the rapeu t i c  system ( T P I S )  f o r  one 
hour. (From Banga and Chien, unpublished data) 

developed by suspending z inc i n s u l i n  c r y s t a l s  i n  a p r o p e l l a n t  system w i t h  

the  a i d  o f  a d ispersant  l i k e  o l e y l  a lcohol  (131). No chemical i ncompa t ib i l -  

i t i e s  between z inc  i n s u l i n  and o l e y l  a lcohol  o r  the p rope l l an t  system were 

reported. 

IV. A View to the Future 

It i s  ev ident  from the d iscuss ion so f a r  t h a t  v i r t u a l l y  every conceivable 

appraoch has been evaluated f o r  the d e l i v e r y  o f  i n s u l i n .  Several o f  these 

attempts were s t a r t e d  and have e i t h e r  ended o r  are con t inu ing  as l abo ra to ry  

research, w i t h  no products reaching the  market. Enthusiasm among researchers, 

however, has n o t  abated as r e f l e c t e d  by the  number o f  recent  pub l i ca t i ons  
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1624 CHIEN AND BANGA 

STRATUM PAPILLARY BLOOD 
CORNEUM LAYER CIRCULATION 

I 
I I I 

I I 

RECEPTOR I f CAPILLARY 
ELECTRODE I NETWORK I 

I 
I 

i hy EPIDERMIS I DERMIS I SUBDERMAL TISSUE 

DRUG 
RESERVOIR 
ELECTRODE 

Plasma Insulin Conc. 

Insulin 

V 

Blood Glucose Levels . 

o 48 96 9a 102 106 o 4 8  96 9a 102 106 

Time (hours )  Time ( h o u r s )  

F i g u r e  11 - Diagrammatic i l l u s t r a t i o n  o f  t h e  T P I S - f a c i l i t a t e d  t ransdermal  
d e l i v e r y  o f  i n s u l i n  and t h e  r e s u l t a n t  plasma i n s u l i n  and b lood  
glucose p r o f i l e s  i n  comparison w i t h  t h e  conven t iona l  subcutaneous 
a d m i n i s t r a t i o n .  (Reproduced f rom Chien e t  a l . ,  1987) 
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POTENTIAL DEVELOPMENTS IN SYSTEMIC DELIVERY OF INSULIN 1625 

i n  t h i s  area. The d r i v i n g  f o r c e  f o r  t h i s  enthusiasm inc ludes  t h e  commercial 

aspect a lso.  Even w i t h o u t  any breakthroughs, t h e  t o t a l  U.S. market f o r  d i a -  

betes products  a t  t he  manufacturers '  l e v e l  i s  expected t o  grow f rom $961 

m i l l i o n  i n  1985 t o  $1.37 b i l l i o n  b y  1990. 

One aspect o f  i n s u l i n  d e l i v e r y  which has been igno red  i n  most s t u d i e s  

i s  t he  impor tan t  r o l e  p layed by t h e  p h y s i o l o g i c  rhythm o f  i n s u l i n  s e c r e t i o n  

i n  t h e  body. Glucose l e v e l  i n  the  b lood c i r c u l a t i o n  a l s o  has c i r c a d i a n  o s c i l -  

l a t i o n s  and any i n s u l i n  d e l i v e r y  system must t a k e  these f l u c t u a t i o n s  i n t o  

account.  The ques t i on  o f  a p p r o p r i a t e  c l o c k  hour t i m i n g s  f o r  i n s u l i n  adminis-  

t r a t i o n  t o  insu l in-dependent  d i a b e t i c s  was r a i s e d  a lmost  50 yea rs  ago b u t  

was n o t  g i ven  due a t t e n t i o n .  T h i s  was probably  because o f  a l a c k  o f  appro- 

p r i a t e  methodology i n  b o t h  data g a t h e r i n g  and ana lys i s ,  l e a d i n g  t o  a poor 

chronophysio log ic  background o f  t h e  i nsu l i n -med ia ted  b lood  g lucose c o n t r o l  

(132).  A pump programmable i n  t ime  which can mimic the  p h y s i o l o g i c a l  c i r c a d i a n  

base l i ne  o f  i n s u l i n  has been repo r ted  r e c e n t l y  (19) as mentioned e a r l i e r .  

Among t h e  nonparentera l  rou tes  o f  a d m i n i s t r a t i o n ,  nasal  d e l i v e r y  appears 

t o  be p romis ing  f o r  non- invas ive d e l i v e r y  o f  i n s u l i n .  T h e r a p e u t i c a l l y  u s e f u l  

amounts o f  i n s u l i n  can be d e l i v e r e d  through the  human nasal  mucosa when admin- 

i s t e r e d  as a nasal  spray w i t h  b i l e  s a l t s  as abso rp t i on  enhancers. C l i n i c a l  

t r i a l s  have demonstrated t h a t  i n s u l i n  i s  absorbed r e a d i l y  i n t o  t h e  systemic 

c i r c u l a t i o n  when d e l i v e r e d  i n t r a n a s a l l y  i n  fo rmu la t i ons  c o n t a i n i n g  t h e  absorp- 

t i o n  enhancer, sodium t a u r o d i h y d r o f u s i d a t e  (133). C a l i f o r n i a  Biotechnology,  

Inc. ,  i n  c o n j u n c t i o n  w i t h  E l i  L i l l y  Co. has begun c l i n i c a l  development o f  

a metered-dose nasal  spray f o r  i n s u l i n  d e l i v e r y  us ing  t h i s  enhancer. 

Al though ex tens i ve  research has been done and encouraging r e s u l t s  have 

been obta ined on t h e  r e c t a l  d e l i v e r y  o f  i n s u l i n ,  t h i s  r o u t e  i s  u n l i k e l y  t o  

become popu la r  due t o  the  s o c i a l  st igma a t tached  t o  r e c t a l  d e l i v e r y .  Ocular  

d e l i v e r y  i s  a l s o  u n l i k e l y  t o  be popu la r  because o c u l a r  t i s s u e s  a r e  ex t reme ly  

s e n s i t i v e  and p a t i e n t  acceptance i s  low. Also, t h e  systemic b i o a v a i l a b i l i t y  
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CHIEN AND BANGA 1626 

by t h i s  r o u t e  i s  v e r y  low. Transdermal d e l i v e r y  by i t s e l f  i s  u n l i k e l y  t o  

achieve systemic d e l i v e r y  o f  i n s u l i n ,  b u t  a number o f  researchers have been 

successfu l  i n  a p p l y i n g  i on tophores i s  t o  enhance transdermal d e l i v e r y  o f  i n -  

s u l i n .  Al though severa l  encouraging r e s u l t s  have been ob ta ined  (123), i t  i s  

a l i t t l e  premature t o  p r e d i c t  t h e  outcome a t  t h i s  stage. A l o t  w i l l  depend on 

t h e  acceptance o f  i on tophores i s  as a s k i n  p e r m e a b i l i t y  enhancement technique.  

Among t h e  p a r e n t e r a l  i n s u l i n  d e l i v e r y  systems, t h e  most p romis ing  ones 

a re  t h e  systems based on the  concept o f  s e l f - r e g u l a t i n g  d e l i v e r y .  A feedback 

system which re leases i n s u l i n  i n  response t o  b lood  glucose l e v e l s  i s  t he  

u l t i m a t e  goal  o f  i n s u l i n  d e l i v e r y .  I n  a d d i t i o n  t o  the  systems t h a t  have 

a l ready  been discussed, an enzyme-responsive t ransdermal  d e l i v e r y  system, 

which i s  s t i l l  i n  t h e  concept stage, has a l s o  been env i s ioned  f o r  i n s u l i n  

d e l i v e r y  (134). An i n s u l i n  r e s e r v o i r  dev ice which i s  a t tached  t o  t h e  s k i n  

would generate a minute pu lse  o f  e l e c t r i c i t y  t o  open t e m p o r a r i l y  t h e  s k i n  

pores. While the  s k i n  pores a re  open, t h e  dev ice would t a k e  a sample o f  t he  

b lood and process i t  v i a  a g lucose -ox id i z ing  enzyme, by which the  dev ice 

would mon i to r  p h y s i o l o g i c  i n d i c a t o r s  and a d j u s t  t he  re lease  o f  i n s u l i n  accord- 

i n g l y .  A second b r i e f  e l e c t r i c a l  pu l se  would open t h e  s k i n  pores again t o  

a l l o w  t h e  i n s u l i n  t o  e n t e r  t h e  body. 
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