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Schoo l ,  

I n  a n  a t t e m p t  t o  overcome the  p r o t e o l y t i c  degradai. io11 a n d  pnnr  a b s o r p t i o n  

o f  o r a l l y  a d m i l i i s t e r e d  i n s u l i n ,  n a n o p a r t i c : l e s  wet-,' m.?tle from i n s u l i n .  

These 200 nm p s r t i c l e s  were made f r o m  a N e u t r a l  I ~ i ~ u l i n  I n j c i t i o n  

( A c t r a p i d ,  NOW) by d e s o l v a t i o n  and c r o s s 1  i n k i n o  ( v i i t h  ( ; l ~ ~ t a r - , i l d e h y d e .  

The p u r i f i e d  n a n o p a r t i c l e s  were  f o u n d  to t7e absc~r-hed f r w 1  [ f i t ?  i n t e c t  i n a i  

t r a c t  o f  m i c e  as w e l l  as no rma l  and  d i a b e t i c  r a t s .  T h e  Ihlood g l u c o s e  

c o n c e n t r a t i o n s  i n  some a n i m a l s  c o u l d  be reduced  to about  1 5  t o  20:' o f  t h e  

s t a r t i n g  l e v e l ,  3 h o u r s  a f t e r  a d m i n i s t r a t i o n  o f  hr=twaen 3 5  and  70 m q  o f  

n a n o p a r t i c l e s  per  100 g body w e i g h t .  The n a n o p i r i  i c l e s  appe.3r t o  e x e r t  

a s l o w e r  b u t  more p ronounced  response  th;ln sirni1.31 l y  a d m i n i i t e r e d  

A c . t r a p i d  a l t h o u g h  no  dose response  r e l a t i o n s h i p  w.35 e s t i i b l  i s h e d .  The 

doses o f  n a n o p a r t i c l e s  needed p r e c l u d e  t he  d e v e i o i m e n t  o f  ;a comrnerc f a 7  l y  

v i a b l e  p r o d u c t .  
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532 

INTRODUCTION 

OPPENHELM ET AL. 

Prote inaceous hormones such as i n s u l i n  can o n l y  be admin i s te red  

e f f e c t i v e l y  by i n j e c t i o n  because they a re  degraded by p r o t e o l y t i c  

d i g e s t i o n  i n  the  g a s t r o - i n t e s t i n a l  t r a c t  when taken o r a l l y .  Any 

r e s i d u a l  i n t a c t  i n s u l i n  mo lecu le  t h a t  escapes the  d i g e s t i o n  would 

be expec ted  t o  have a l o w  r a t e  o f  pass i ve  d i f f u s i o n  th rough gu t  

membranes because o f  the  s i z e  o f  the  molecu le .  However, t h e r e  a r e  

a number o f  repor ts1-3  i n d i c a t i n g  t h a t  i n s u l i n  can be absorbed 

i n  a p h y s i o l o g i c a l l y  a c t i v e  fo rm f rom the  i n t e s t i n e s  o f  mammals i n  

the  presence o f  p r o t e o l y t i c  i n h i b i t o r s  o r  c e r t a i n  agents wh ich  

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

o r a l l y  admin i s te red  i n s u l i n  when compared t o  in t ravenous admin is -  

t r a t i o n  appears t o  be l e s s  than 2%3,4. 

A v a r i e t y  o f  f o r m u l a t i o n  procedures have been prepared t o  

i nc rease  the  e f f e c t i v e n e s s  o f  o r a l  d e l i v e r y  and abso rp t i on  o f  a c t i v e  

i n s u l i n  f rom the  bucca l  c a v i t y ,  t h e  g a s t r o - i n t e s t i n a l  t r a c t ,  o r  

the  nasa l  mucosa. These i n c l u d e  w a t e r - i n - o i l - i n - w a t e r  e m ~ l s i o n s ~ - ~  

and encapsu la t i on  o f  i n s u l i n  i n  l i p o s ~ m e s ~ , ~ .  These d e l i v e r y  

procedures a r e  developed t o  p r o t e c t  i n s u l i n  f rom p r o t e o l y t i c  

d i g e s t i o n s  and to f a c i l i t a t e  the  a b s o r p t i o n  o f  the  hormone f rom 

the g a s t r o - i n t e s t i n a l  w a l l .  I r r e s p e c t i v e  o f  t he  d e t a i l e d  mechanism 

o f  ' a c t i v e '  t r a n s p o r t  o f  such c a r r i e r s  across the  i n t e s t i n a l  w a l l ,  

these d e l i v e r y  systems do n o t  produce a c o n s i s t e n t  hypoglycaemic 

e f f e c t  and t h e i r  e f f e c t  i s  n o t  dose dependent. Moreover, the  

 preparation^^-^ have a s h o r t  s h e l f  l i f e .  

Recent ly  Morimoto e t  a l l 0  have demonstrated the  p o s s i b i  1 i t y  

o f  r e c t a l  a d m i n i s t r a t i o n  o f  i n s u l i n  i n  p o l y a c r y l i c  a c i d  aqueous 

g e l .  Mes ikha l '  used i n s u l i n  5U/kg body we igh t  i n  s u p p o s i t o r i e s  
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ORALLY ADMINISTERED INSULIN NANOPARTICLES 

composed o f  polyoxyl-30 - o l e a t e ,  Tween 80 w i t h  a cocoa b r J t t e r  base 

on norma l  a n d  a l l o x a n  d i a b e t i c  r a b b i t s  and  o b s e r v e d  t h e  r e d u c t i o n  

i n  t h e  b l o o d  g l u c o s e  by 30-50s: f o r  up t o  3 h. Hf lbEV€ ! r  t h i s  r o u t e  

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

doses o f  t h e  p e r m e a b i l i t y  i n c r e a s i n g  s u r f a c t a n t  i s  unknown. i n s u l i n  

as i n s u l i n  h y d r o c h l o r i d e  m i x e d  w i t h  a v a s ' o d i l a t o r  i n  a t a b l e t  f o r m  

has been r e p o r t e d  t o  be a b s o r b e d  f r o m  t h e  b u c c a l  ( ; av i t y12 ,  b u t  

t h i s  w o r k  has n o t  been f o l l o w e d  up. 

H i r a i  e t  a14 have shown t h a t  i n s u l i n  a d m i n i s t e r e d  t o  t h e  n a s a l  

mucosa o f  r a t s  causes a r e d u c t i o n  i n  b l o o d  g l u c o s e  a t  doses o n l y  

t e n  t i m e s  g r e a t e r  t han  t h a t  needed w i t h  i n t r a v e n o u s  a d m i n i s t r a t i o n .  

The v a r i a b i l i t y  o f  t h e  s t a t e  o f  t h e  mucosa must  c a s t  doub ts  on t h e  

r e l i a b l e  p a s s i v e  a b s o r p t i o n  o f  such a l a r g e  m o l e c u l e .  

To overcome some o f  t h e  d i f f i c u l t i e s  o f  t h e  d e l i v e i - y  s y s t e m  

des c r  

admin 

m ice .  

n a t u r  

bed  we i n v e s t i g a t e d  t h e  p o s s i b i l i t y  O F  o r a l  

s t r a t i o n  o f  sol i d  p r o t e i n a c e o u s  n a n o p a r t i c l e s  i n  rat,: and  

N a n o p a r t i c l e s  a r e  c r o s s - I  i n k e d ,  non -po rous  a g g r e g a t e s  o f  

I l y  o c c u r r i n g  macromo lecu les .  They a r e  submic.ron i n  s i z e  

and s t o r e d  as a f r e e z e  d r i e d  p o w d e r l 3 - I 5 .  However, i n s t e a d  o f  

u s i n g  n a t u r a l  p r o t e i n s  such  as a l b u m i n  o r  g e l a t i n  a:, the base w i t h  

d rugs  i n c o r p o r a t e d  i n t o  t h e  n a n o p a r t i c l e ,  i t  was p r o p o s e d  to  make 

n a n o p a r t i c l e s  o u t  o f  i n s u l i n  a l o n e .  T h i s  p a p e r  d e s c r i b e d  t h e  p r o -  

d u c t i o n  and  i n  v i v o  e v a l u a t i o n  o f  i n s u l i n  n a n o p a r t i c l e  a b s o r p t i o n  

f r o m  t h e  g a s t r o - i n t e s t i n a l  t r a c t  of  r o d e n t s .  

533 

MATERIALS AND MEl' 

N a n o p a r t i  c l e  M a n u f a c t u r e  

Ba tches  o f  i n s u ! i n  n a n o p a r t i c l e s  were p r e p a r e d  f r o m  10 m i  

v i a l s  o f  N e u t r a l  l n s u l  i n  I n j e c t i o n  ( A c t r a p i d ,  80u/nl l ,  Novo). 
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5 3 4  OPPENHEIM ET AL. 

Sephadex G-50m (Pharmacia Sou th  Seas P t y .  IL td . ,  Sydney! elnd 

g l u t a r a l d e h y d e  25 p e r  c e q t  w / v  aqueous s o l u t i o n  (Koch-L i c ib t  

L a b o r a t o r i e s ,  Eng land)  wizre used  as r e c e i v e d .  A l  1 o t h e r  c h e m i c a l s  

used were AR g rade .  

A Nepho-co l o r  ime t e  r ,  Mode I 9 (Coleman I n s  t r u m n  t s  Corpo ra  t i o n ,  

U .S .A . )  was used  t o  nmni t o r  changes i n  i n t e n s i  t y  o f  s c a t t e r e d  

1 i g h t  d u r i n g  t t ie  d e s o l v  m / r e s o l v a t i o n  s t e p s  i i i  t n e  n a n o p a r t i c l e  

m a n u f a c t u r e .  A S i l v e r z o r i  l a b o r a t o r y  homogen ize r  f i t t e d  w i t h  a 

i i i i c rohedd ,  an lhco F r a c t i o n  C o l l e c t e r  (Model 1200 P i ~ p )  and a 

Dynavac FDZ Freeze D r i e r  were a l s o  used.  

T y p i c a l  I f  one 10 m l  v i a l  o f  A c t r a p i d  e q u i l i b r a t e d  a t  2 5 O C  

r e q u i r e d  0 . 7  m l  o f  O . 1 M  h y d r o c h l o r i c  a c i d  to cause a r a p i C  r i s e  

i n  nephe los  number. A d d i t i o n  o f  a b o u t  0 .1  nil o f  O . l M  NaOH 

reduced  t h e  n e p n e l o s  number t o  a range  s u i t a b l e  f o r  the cr-oss- 

l i n k i n g  r e a c t i o n  t o  tie u n d e r t a k e n .  0 .2  m l  o f  252 g l u t a r a l d e h y d e  

s o l u t i o n  was ( i dded  i n  one a l i q u o t ;  t h e  s y s t e m  homogenized foi- 15 

seconds e v e r y  30 i e c o n d s  f o r  a t o t a l  o f  4 m i n u t e s  a f t e r  w h i c t i  6 rnl 

of 1 2 %  w / v  s o d i u m  m e t a b i s u l p h i t e  was added, and  t h e  same b~ornogeniz ing 

p a t t e r n  c o n t i n u e d  for a f u r t h e r  6 m i n u t e s .  

The c rude  i n s u l i n  n a i i s s p a r t i c l e s  were p u r i f i e d  e i t h e r  Iby 

passage t h r o u g h  J Sephadex G-50m column u s i n g  0.04%: c h l o r b u t c i l  

s o l u t i o n  a:> t t ie  e l u a n t  or ~ l t e r n a t i v e l y  t h e y  can be c o l l e c t e d  on 

a 0.25 urn M i  1 I i p o r e  f i l t e r  and r e p e a t e d l y  washed w i t h  10 n l l  i o t s  

o f  d i s t i  I l e d  w a t e r .  The ( d e s a l t e d  p u r i f i e d  n a n o p a r t i c l e  d i s p e r s i o n  

was then  free;,e d r i e d  to . / i e l d  t y p i c a l l y  20 ing o f  a w h i t e  Free 

f l o w i n g  Ipowder. 

In  v i v o  E v a l u a t i o n  
-_I_ 

Two s e r i e s  o f  e x o e r i r i x n t s  were  u n d e r t a k e n .  I n  t h e  f i r - s t  

s e r i e s ,  n o n - p r e g n a n t  female Hooded W i s t a r  r a t s  o v e r  1509 w e r e  
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ORALLY ADMINISTERED INSULIN NANOPARTICLES 535 

drawn from the  V i c t o r i a n  Co l lege o f  Pharmacy ILtd. s t o c k s .  A f t e r  

f a s t i n g  o v e r n i g h t ,  0 .1  m l  o f  15% o f  a l l o x a n  nlonohydrate was 

d e l i v e r e d  p e r  1009 r a t  subc i i taneous ly  t o  t h e  upper t h i g h  o f  

conscious an imals .  The rat:, were then a l l o w e d  food and driir ik 

ad l i b .  and were used between one t o  two weeks a f t e r  i n j e c t i o n .  _- 

Rats were a n e s t h e t i z e d  w i t h  i n t r a p e r i  tonea l  l y  i n - j e c t e d  

sodium p e n t o b a r b i t o n e  u s i n g  45 rng/kg f o r  normal r a t s  and 60 mg/kg 

f o r  d i a b e t i c  r a t s .  l n s u l i r i  p r e p a r a t i o n s  were u s u a l l y  a d m i n i s t e r e d  

30 minutes a f t e r  i n d u c t i o n .  The t a i l  v e i n  was, used f o r  ithe 100 u l  

i n t r a v e n o u s  i n j e c t i o n  and t t -e upper t h i g h  f o r  150 111 f o r  i n t r a -  

muscular i n j e c t i o n .  The upper p a r t  o f  t h e  small i n t e s t i n e  was ex-  

posed and t h e  i n t e s t i n e  was then t i e d  o f f  below t h e  stomach. The 

i n t e s t i n e  was n i c k e d  s l i g h t l y  d i s t a l  t o  the  t i e  and a b l u n t  need le  

was used t o  a d m i n i s t e r  the  1 .5  m l  i n j e c t i o n  t O  t h e  g u t .  

B lood g lucose l e v e l s  b e f o r e  and a f t e r  a d n i i n i s t r a t i o r i  o f  the 

i n s u l i n  p r o d u c t s  were de termined by sampl ing  f rom t h e  t a i l  v e i n .  

The samples were s t o r e d  i n  smal l  p l a s t i c  v i a l s  containins1 sodium 

f l u o r i d e  and t h e  g lucose l e v e l s  de termined w i t h i n  20 minLltes on a 

c a l i b r a t e d  Ye1 low S p r i n g s  Glucose a n a l y s e r .  

I n  t h e  second s e r i e s  o f -  exper iments ,  i n s u l i n  p r e p a r a t i o n s  

were i n t r o d u c e d  i n t r a g a s t r i c a l l y  by stomach tube i n t o  r a t s  and 

mice. T h i s  overcame any c o n i p l i c a t i o n s  caused by t h e  s u r g i c a l  

p rocedure  and a n e s t h e t i c  ana g i v e s  more r e a l i s t i c  c o n d i t i o n s  f o r  

t h e  d e s i r e d  type  o f  a d m i n i s t r a t i o n .  A p p r o p r i a t e  volume o f  

A c t r a p i d  (80U/ml) o r  a 66.6 mg n a n o p a r t i c l e  i in 1 m l  normal s a l i n e  

s o l u t i o n  were adminstered. Normal W i s t a r  rat,; o f  e i t h e r  sex 

(200-250 g body w e i g h t )  drawn f r o m  Char ing  Cross H o s p i t a l  s t o c k s  

were s t a r v e d  o v e r n i g h t  and p l a c e d  i n  a r e s t r a i n i n g  cage t w o  hours  
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OPPENHEIM ET AL. 536 

be fo re  s t a r t i n g  the  exper iments .  Rats o f  between 130-1509 body 

we igh t  were made d i a b e t i c  by in t ravenous i n j e c t i o n  o f  s t r e p t o z o t o c i n  

(Upjohn) f r e s h l y  p repared i n  0.01 M c i t r a t e  b u f f e r  o f  pH 4.5 a t  a 

dose o f  65 q / k g  body we igh t .  

the  s t r e p t o z o t o c i n  i n j e c t i o n .  Normal o u t b r e d  mice (T/O s t r a i n )  

o f  body we igh t  18-229 were used a f t e r  be ing  f a s t e d  o v e r n i g h t .  

The r a t s  were used one week a f t e r  

B lood samples were taken f rom the  t a i l s  o f  the  r a t s  and by 

oph tha lm ic  venous punc ture  i n  mice. B lood g lucose l e v e l s  were 

determined by d e p r o t e i n i z i n g  50 ~1 o f  b l o o d  by add ing  0 . 3  m l  o f  

0.3MNaOH and 0.6 m l  o f  10% Z i n c  Sulphate.  A f u r t h e r  50 u l  o f  

d i s t i l l e d  wa te r  was added t o  make up 1 m l .  A f t e r  c e n t r i f u g i n g  on 

a bench c e n t r i f u g e  f o r  5 minu tes ,  t he  supernatan t  was c o l l e c t e d  

and between 0.2 and 0.5 m l  was d i  u ted  t o  1 m l  w i t h  d i s t i l l e d  

wa te r  f o r  t he  glucose e s t i m a t i o n .  

The d i l u t e d  sample was mixed w i t h  a 2 ml o f  a glucose ox idase 

reagent ( f r o m  Boehr inger )  and incubated  f o r  one hour  a t  37OC. 

F o l l o w i n g  a d d i t i o n  o f  2 m l  o f  18 N H2SOU, the  c o l o u r  developed 

was read a t  540nm on a Corn ing  Spectrophotometer 25616. 

RESULTS 

Nanopar t i  c l e  Manufacture 

F igu re  1 shows a t y p i c a l  scanning e l e c t r o n  microscope o f  a 

t y p i c a l  ba tch  o f  200 nm i n s u l i n  n a n o p a r t i c l e s .  They r e a d i l y  

d i spe rsed  i n  wa te r  o r  normal s a l i n e  t o  fo rm a 10% c o l l o i d a l  

s o l u t i o n .  

I n  V ivo  E v a l u a t i o n  

Doses o f  i n s u l i n  f rom n a n o p a r t i c l e s  o r  A c t r a p i d  a r e  expressed 

i n  m i l l i g r a m s  p e r  g body we igh t  f o r  easy comparison, 24 IU/mg be ing  

used as the  convers ion  f a c t o r  f o r  A c t r a p i d .  Resu l ts  a re  expressed 
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ORALLY ADMINISTERED INSULIN NANOPARTICLES 

F i g  1 

Scanning e l e c t r o n  micrograph o f  i n s u l i n  n a n o p a r t i c l e s  

537 
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Nanoparticles 

1.4pg / lOOg 

ap 20) 

1 
Actrapid 1Spg / lOOg 

2 0  40 60 80 100 120 

Time (mins) 

I V a d m i n i s t r a t i o n  o f  s a l i n e ,  n a n o p a r t i c l e s  and A c t r a p i d  
t o  normal r a t s .  Typ ica l  s tandard  d e v i a t i o n s  shown. 

F i g  2 

Saline 

Actrapid 

1.7pg / 100g 

c 

Nanoparticles 

l2.9mg / lOOg I 
~ 

2 0  40  60 80 100 120 

Time (mind 

F i g  I M  a d m i n i s t r a t i o n  of s a l i n e ,  n a n o p a r t i c l e s  and A c t r a p i d  
t o  normal r a t s .  
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Saline 
0.16mg 1 1OOg 

- Nanoparlicles 

0.16mg / 1OOg 

40 t 
2o t 
-u- 

2 0  40 6 0  130 100 120  

Time (mins) 

D i r e c t  i n j e c t i o n  o f  s a l i n e > n a n o p a r t i c l e s  and  k c t r a p i d  
i :n to  small i n t e s t i n e  o f  nor ina l  r a t s .  

as a p e r c e n t a q e  of t h e  b l o o d  g l u c o s e  c o n l c e n t r a t i o n  b e f o r e  t r e a t -  

ment. I n  no rma l  a n i m a l s  t h i s  r e f e r e n c e  l e v e i  was between 73-80 mg 

p e r  100 ml and t h a t  i n  d i a b e t i c  r a t s  was 200-240 rng p e r  100 ml. 

The F i g u r e s  g i v e  t h e  r e s u l t s  o f  t h e  f i r s t  s e t  o f  e x p e r i n e n t s ,  t h e  

T a b l e s  t h o s e  For t h e  second  s e t  o f  e x p e r i m e n t s .  

F i g u r e  2 g i v e s  t h e  r e s u l t s  f o r  i n t r a v e n o u s  i n j e c t i o n  t o  

no rma l  r a t s .  Each r e s u l t  i s  t h e  ave rage  o f  a t  least f o u r  r a t s .  

F i g u r e  3 g i v e s  t h e  r e s u l t s  o f  i n t r a m u s c u l a r  i n j e c t i o n .  Each 

r e s u l t  i s  t h e  ave rage  of a t  l e a s t  two r a t s .  The r e s u l t s  of  ad- 

m i n i s t e r i n g  i n s u l i n  p r e p a r a t i o n s  d i r e c t l y  i n t o  t h e  !;mall i n t e s t i n e s  

o r  no rma l  and d i a b e t i c  r a t s  a r e  g i v e n  i n  F i g u r e s  4 <and 5 r e s p e c t i v e l y .  

By r e p e a t i n g  the  e x p e r i m e n t a l  r e s u l t s  shown t y p i c a l l y  i n  F i g u r e  2 ,  

i t  was found t h a t  t h e  i n s u l i n  n a n o p a r t i c l e s  used  i n  t h e  second  

s e r i e s  o f  e x p e r i m e n t s  had  a p o t e n c y  o f  a b o u t  5 IU/mg.  
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1 

7 

2 0 1  

157rng / 100g 7 
Anesthetic top UP 

I I I 1 I I I I I I 1 
20 40  60 80  100 120 140 160 180 200 

Timehind 

F i g  5 
D i r e c t  i n j e c t i o n  of  s a l i n e  and n a n o p a r t i c l e s  i n t o  smal l  
i n t e s t i n e  o f  d i a b e t i c  r a t s .  

TABLE 1 

Ora l  a d m i n i s t r a t i o n  t o  normal mice 

Dose/100 g 
body we igh t  

Mouse B lood Glucose Level  
No. % of i n i t i a l  Value 

Time: 2 h r  3 h r  

185 mg n a n o p a r t i c l e s  1 69.0 55.4 

2 80.0 57.0 

3 64.6 67.0 

275 mg n a n o p a r t i c l e s  4 97.0 81.0 

5 113.0 144.0 

6 94.2 128.0 D
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TABLE 2 

Oral a d m i n i s t r a t i o n  t o  normal r a t s  

Dose/100 g 
body we igh t  

Rat B lood Glucose Level  
No. % o f  I n i t i a l  Value 

Time: 1 hr 2 h r  3 h r  

Sal i ne  1 

2 

A c t r a p i d  2.4 mg 3 

85.0 111.0 108.0 

95.0 114.0 114.0 

107.0 100 .0  106.0 

4 115.0 90.0 104.0 

5 125.0 124.0 120.0 

A c t r a p i d  2.22 mg 6 
7 

41.2 40.0 17.5” 
44.2 81.4 25 .7  

Nanopar t i c l es  70 mg 8 57 .0  39.0 15.0” 

Nanopar t i c l es  60 mg 9 63.2 86.8 40.7 

10 

1 1  

12 

80.5 71.6 13 .1”  

6 2 . 8  4 7 . 1  24.3” 

6 3 . 5  6 0 . 7  57.5 
Nanopar t i c l es  35 mg 13 6 1 . 0  34.0 16.0;: 

Nanopar t i c l es  17.5  mg 1 4  126.0 134.0 145.0 

5: r a t s  developed hypoglycaemic shock 

TABLE 3 

Oral a d m i n i s t r a t i o n  to d i a b e t i c  r a t s  

Dose/100 g Rat B lood Glucose Level  
body we igh t  No. % o f  I n i t i a l  Value 

Time: 1 h r  2 h r  3 h r  

2 m l  s a l i n e  1 

2 

3 
A c t r a p i d  2.22 mg 4 

5 
Nanopart i cles 60 mg 6 

7 
8 
9 

10 

9 3 . 4  

9 7 . 5  

93 .0  

63.6 
38 .0  

50 .0  

50 .0  

71 .O  

73.5 
40.2 

101 .o 
103.0 

9 2 . 7  

58.6 
79.0 

29.6 

35 .3  
36 .5  

6 4 . 7  

102.0 

102.0 

111.0 

55 .O 

58.0  

28. 1 

72.0 

30.0 

79 .7  
33 .3  
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Tables 1 and 2 show the  r e s u l t s  o f  o r a l  a d m i n i s t r a t i o n  t o  

normal mice and r a t s  r e s p e c t i v e l y .  Table 3 shows those f o r  d i a b e t i c  

r a t s .  

D ISCUSSION 

As the nanopar t i c l es  are composed o f  many i n t e r m o l e c u l a r i  l y  

c r o s s - l i n k e d  i n s u l i n  molecules,  i t  i s  u n l i k e l y  t h a t  they would have 

s i g n i f i c a n t  an t i gy l caemic  a c t i v i t y  w i t h o u t  breakdown o f  the nano- 

p a r t i c l e  t o  i t s  c o n s t i t u e n t  molecule.  Fo l l ow ing  in t ravenous ad- 

m i n i s t r a t i o n  t h e  main p a r t  of t h i s  enzymatic breakdown presumably 

would occur  i n  the  l i v e r  and so n a n o p a r t i c l e  i n s u l i n  would be 

expected t o  have a s lower  r a t e  o f  onset than the A c t r a p i d  i n s u l i n .  

The r e s u l t s  shown i n  F igu re  2 c o n f i r m  t h i s ,  as n a n o p a r t i c l e s  caused 

reduc t i on  i n  the b lood  glucose l e v e l  which i s  comparable w i t h  t h a t  

observed w i t h  A c t r a p i d  i n s u l i n  w i t h  a s lower  r a t e  o f  onset  w i t h  

n a n o p a r t i c l e s  than Act rap id .  

I t  i s  known” t h a t  i n t r a m u s c u l a r i l y  admin i s te red  nano- 

p a r t i c l e s  s l o w l y  accumulated i n  the  l i v e r .  F igu re  3 shows t h a t  

n a n o p a r t i c l e s  do have a c t i v i t y  when g i ven  t h i s  way, b u t  the dose 

needed i s  q u i t e  h igh .  This  i s  cons i s ten t  w i t h  the s lowra te  o f  

accumulat ion i n  the l i v e r  p o s s i b l y  coupled w i t h  a very s low i n t r a -  

muscular degradat ion of n a n o p a r t i c l e .  Since the main o b j e c t i v e  

o f  the s tudy was o r a l  a d m i n i s t r a t i o n ,  the d e t a i l e d  dose and t ime 

p r o f i l e s  o f  in t ramuscular  i n s u l i n  n a n o p a r t i c l e s  were n o t  pursued. 

To overcome the p o s s i b i l i t y  of a c i d  h y d r o l y s i s  o f  n a n o p a r t i c l e  

i n  gut ,  we in t roduced  n a n o p a r t i c l e  d i r e c t l y  i n t o  je jenum o f  normal 

and d i a b e t i c  r a t s .  The response o f  the animal t o  the anaes the t i c  

and anaes the t i c  ‘ t o p  ups’  as w e l l  as t o  the surgery t o  expose the 
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smal l  i n t e s t i n e  l e d  t o  wide v a r i a t i o n s  iri glucose l e v e l s .  However, 

t he  r e s u \ t s  g iven  i n  F igu res  4 and 5 show t h a t  i n  some animals a t  

l e a s t ,  the  n a n o p a r t i c l e  i n s u l i n  has a hypoglycaemic e f f e c t  whereas 

the s i m i l a r i l y  admin i s te red  A c t r a p i d  does n o t .  Not a l l  r a t s  res- 

ponded t o  n a n o p a r t i c l e  therapy .  When n a n o p a r t i c l e s  were admin i s te red  

o r a l l y  i n  the second s e r i e s  of exper iments  t o  normal mimce i n  doses 

up t o  185 mg/100 g o f  body we igh t  (Table 1) and t o  normal (and d i a b e t i c  

r a t s  i n  the dose o f  up t o  60 mg/100 g o f  body we igh t  (Tabltes 2 and 

3) a reduc t i on  i n  the b lood  glucose l e v e l  was usual l ly  ac,hiteved. 

We a l s o  found t h a t  A c t r a p i d  g iven o r a l l y  a l s o  sonietimes caused a 

drop i n  b lood  glucose l e v e l s .  However the  l i m i t e d  r e s u l t s  i n  Table 

1 i n d i c a t e  t h a t  a t  the  h i g h e r  dosage, thlpre was rio hypoglycaemic 

e f f e c t .  I t  may be t h a t  a t  h i g h e r  doses the re  i s  some i n h i b i t o r y  

e f f e c t .  I n  s u c k l i n g  r a t s  and mice, t he  abso rp t i on  of  p r o t e i n  i s  

markedly i n h i b i t e d  by inc rease i n  the  i n t r a g a s t r i c  (dose o f  macro- 

molecules's. S ince  the r a t  r e s u l t s  i n  Table 2 i n d i c a t e  hypoglycaemic 

shock occu r red  a t  doses as low as 35 mg/100 g body weiciht, i t  

may be t h a t  t he re  i s  some i nhe ren t  d i f f e r e n c e  i n  response between 

r a t s  and mice. The r e s u l t s  i n  bo th  Tables 2 and 3 s t r o n g l y  

suggest t h a t  lnanopar t i c le  i n s u l i n  admin i s te red  p e r o r a l  l y  cloes 

reduce the b lood  glucose l e v e l s  f o r  pe r iods  p robab ly  w e l l  exceeding 

the 3 hours a l l owed  by the  exper imenta l  p r o t o c o l  and a t  doses 

lower than t h a t  c a l l e d  f o r  i n  the exper.imenta1 des ign .  

We b e l i e v e  t h a t  f u r t h e r  exper iments  t o  understand the  

nlechanism and the s i t e  of absorp t io f - ,  o f  n a n o p a r t i c l e  and m o d i f i -  

c a t i o n  o f  n a n o p a r t i c l e  p r e p a r a t i o n  may he lp  t o  in in imize the dose 

and improve the  e f f i c i e n c y  o f  abso rp t i on .  For example nano- 

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

such as t r a s y l o l  l a  s t r o n g  i n h i b i t o r  o f  p r o t e o l y t i c  enzymes f rom 
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544 OPPENHEIM ET AL. 

g u t  o f  man, dog and rodents;  (Pa te l  and Ryman, unpubl ished 

observat ion) ]  admin i s te red  o r a l l y  w i t h  some n a t u r a l  su r face  a c t i v e  

agents may overcome the problem o f  i n s u l i n  degradat ion and increase 

the p e r m e a b i l i t y  o f  g a s t r o - i n t e s t i n a l  w a l l .  

CONCLUSIONS 

The f o l l o w i n g  conclus ions may be drawn f r o m  t h i s  s tudy:  

I n s u l i n  n a n o p a r t i c l e s  can be absorbed f rom the gas t ro -  

i n t e s t i n a l  t r a c t  o f  mice, normal and d i a b e t i c  r a t s .  

The absorbed n a n o p a r t i c l e s  a re  b i o l o g i c a l l y  a c t i v e  and 

reduce the  b l o o d  glucose concen t ra t i on  o f  these animals .  

O r a l l y  admin i s te red  n a n o p a r t i c l e s  appear t o  e x e r t  a 

s lower  b u t  more pronounced response than s i m i l a r l y  

admin i s te red  Act r a p i  d. 

No d i r e c t  dose respcnse r e l a t i o i i i h i p  has been dcinonstrdtcd.  

Rats appear t o  respond b e t t e r  than mice t o  o r a l  n'irio- 

p a r t i c l e s .  

O r a l l y  admin i s te red  i n s u l i n  n a n o p a r t i c l e s  docs n o t  appear 

t o  te a commerc ia l ly  v i a b l e  p roduc t .  
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