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The use o f  porous and s u r f a c e  m o d i f i e d  s i l i c a s  as drug  d e l i v e r y  afl 

s t a b i l i z i n g  agents 

Unger K.'), Rupprecht H."), V a l e n t i n  B."), K i r c h e r  W.") 

Anorganisches I n s t i t u t  de r  U n i v e r s i t a t  Mainz') and 
Pharmazeutisches I n s t i  t u t  d e r  U n i v e r s i t a t  Regensburg") 

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

Amorphous c o l l o i d a l  and porous s i l i c a s  a r e  w i d e l y  used as ad juvan ts  i n  d rug  

p r e p a r a t i o n  and pharmaceut ica l  a n a l y s i s  (1,2,3). Among t h e  broad s c a l e  o f  

a p p l i c a t i o n s .  t h e i r  s t a b i l i z i n g  and drug- re lease q u a l i t i e s  (4,5)  have been 

the  source o f  f u r t h e r  i n v e s t i g a t i o n  i n  t h i s  f i e l d  i n c l u d i n g  t h e  i n t r o d u c t i o n  
o f  new s t a r t i n g  m a t e r i a l s  and p r o d u c t i o n  techn iques  as w e l l  as organo- 

m o d i f i e d  s i l i c a s .  Consequently d rug  r e t a r d a t i o n  on t h e  bas i s  o f  s i l i c a -  

embeddings and h i g h  e f f i c i e n t  g e l l i n g  s i l i c a s  have been developed. 

11. Resu l ts  and d i scuss ion  

1. 
I n s p i r e d  by a techn ique f o r  t h e  p roduc t i on  o f  coa ted  g lass  beads, used i n  

chromatography ( 3 ) ,  we developed a v a r i e t y  o f  methods t o  i n c o r p o r a t e  drugs 
d i r e c t l y  i n t o  porous s i l i c a  envelopes w i t h  c o n t r o l l e d  pore  s t r u c t u r e .  I n  

t h i s  way a b e t t e r  c o n t r o l  o f  d rug  re lease  i s  achieved than i s  shown by 
drug  adsorbates on commerc ia l l y  a v a i l a b l e  porous s i l i c a s  ( 6 )  o r  s i m i l a r  

t,ypes o f  nonso lub le ,  h y d r o p h i l i c  and porous m a t r i c e s  ( 7 ) .  

Development o f  S i02  embeddings f o r  c o n t r o l l e d  drug  r e l e a s e  

1.1. Chemical p r i n c i p l e s  o f  embedding o r  c o a t i n g  

The c o a t i n g  o r  embedding o f  drugs w i t h  porous s i l i c a  i s  based on a two s t e p  
process o f  h y d r o l y t i c  po lycondensat ion  of t e t r a e t h o s y s i l o x a n e  (8)  as t h e  

s t a r t i n g  m a t e r i a l  ( f i g . 1 ) :  

Copyright 0 1983 by Marcel Dekker, Inc. 
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70 UNGER ET AL. 

Hydrolytic polycondensation of polyethoxysiloxane 

Starting materiul: Tetraethoxysilone 

y 2  H5 

H5C2 0 - S i  - OC2H5 

ZSi-OC2Hg + HOH - 3 S i - O H  + C2HgOH 

b) condensation : 
I I 

I I 
SSi-OH + H O - S i z  - - S i -  0 - S i -  + H 2 0  

[ qC2H5 YC2H5 1 
I dC2H5 OC2H5 1 n 

Polyethoxisiloxane - 0 - S i - 0 - S i 
I 

I I 
- -0- Si - 0 - Si - 0 - -  

I I 
Silica matrix 

0 0 
I I 
I I 

Figure 1 

F i r s t l y  t e t r a e t h o x y s i l o x a n e  i s  p a r t i a l l y  hyd ro l yzed  and then p a r t i a l l y  

condensed i n  t h e  presence o f  a c i d i c  c a t a l y s t s  such as h y d r o c h l o r i c  ac id ,  
fo rming  a v iscous  l i q u i d ,  po l ye thoxys i l oxane  (PES). The v i s c o s i t y  o f  PES 

inc reases  e x p o n e n t i a l l y  w i t h  t h e  mean mo lecu la r  we igh t  o f  t h e  polymer 

(10 mPa.s - 2 C  000 mPa*s 

i s  thus a s e n s i t i v e  parameter f o r  t h e  c h a r a c t e r i s a t i o n  o f  t he  degree o f  
po l ymer i sa t i on ,  wh ich  depends on t h e  amount o f  wa te r  and c a t a l y s t  added 

t o  t h e  r e a c t i o n  m i x t u r e .  

ove r  the  range o f  750 - 2800). The v i s c o s i t y  

Secondly, t he  drug  i s  i nco rpo ra ted  i n t o  t h e  v iscous  PES as c r y s t a l  p a r t i c l e s ,  
as d r o p l e t s  o r  as s o l u t i o n  and, a f t e r  homogenizat ion o f  t he  d i spe rs ions ,  

t h e  po lycondensat ion  p r a e e d s  by a d d i t i o n  o f  b a s i c  c a t a l y s t s  and water .  

A f t e r  comple t ion  o f  t h e  h y d r o l y t i c  po lycondensat ion  o f  t h e  polymer t h e  

s o l i d ,  porous s i l i c a  envelope o r  m a t r i x  i s  ob ta ined,  whereby e thano l  i s  
s e t  f r e e .  The pore s t r u c t u r e  o f  t h i s  s i l i c a  m a t e r i a l  i s  determined by t h e  
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SURFACE MODIFIED S I L I C A S  71 

Illustration of the methods of PES - polycondensation 

for drug embedding 

Polycondensation in emulsion 

f o l l o w i n g  parameters:  The t ype  and concen t ra t i on  o f  t h e  c a t a l y s t ,  t h e  degree 
o f  p o l y m e r i z a t i o n  o f  t h e  PES, t h e  water  a v a i l a b l e  and t h e  r e a c t i o n  tempera- 

t u r e .  I n  t h i s  way, t h e  mean pore  d iameter  can be r e p r o d u c i b l y  c o n t r o l l e d  

i n  t h e  range f rom micro-  t o  macropores ( i . e .  1-1000 nm) (8 ) .  

1.2.  P roduc t i on  techn iques  

For  t h e  p r e p a r a t i o n  on t h e  l e v e l  o f  l a b o r a t o r y  p roduc ts  d i f f e r e n t  methods 

were developed f o r  d r u g - s i l i c a  embedding, as g iven schemat i ca l l y  i n  f i g . &  : 

Po 1 yconden s a t i on i n emu 1 s i on 

Polycondensat ion i n  substance 

Polycondensat ion i n  s o l u t i o n  
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72 UNGER ET AL. 

(3) 

e 

air 
exhaust 

frame belt conveyor str$per plate 

Device for CMtInUOUS productian of s8ica - drug embedding 
(schematic). 

Figure 3 

1.2.1. Polycondensat ion i n  emuls ion  

The techn ique o f  po lycondensat ion  i n  emulsion s t a r t s  w i t h  a d i s p e r s i o n  o f  a 

m i x t u r e  o f  t h e  drug  ( p a r t i c l e s  o r  l i q u i d )  and PES i n  an aqueous medium ( o r  

some o t h e r  a p p r o p r i a t e  l iqu id ,  i n  which t h e  drug  shou ld  be i n s o l u b l e ) .  On 

s t i r r i n g  o f  t h e  d i spe rs ion ,  t he  drug-PES m i x t u r e  forms spheres, whose mean 
p a r t i c l e  s i z e  depends on t h e  s t i r r i n g  r a t e  and t h e  dimensions o f  t h e  r e a c t i o n  
vesse l .  A f t e r  a d d i t i o n  o f  an ( e x t e r n a l )  c a t a l y s t  such as ammonia t h e  d r o p l e t s  

a r e  s o l i d i f i e d  by t h e  h y d r o l y t i c  polycondensat ion,  l e a v i n g  t h e  porous s i l i c a  
envelopes. F i n a l l y  t h e  spheres a r e  separated f rom t h e  d i s p e r s i o n  l i q u i d  by 

s iev ing ,  r i n s e d  w i t h  wa te r  and then d r i e d .  
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SURFACE MODIFIED SILICAS 73 

1 

8 l C C \ . =  

co id0 l!iO 260 
time I h J  

Weight reducticn of a codeine - PES dispersion of diffe - 
rent temperotures f 10 % codeinel. 

Figure 4 

1.2.2. Polycondensat ion i n  substance 
Polycondensat ion i n  substance i s  e a s i e r  t o  pe r fo rm w i t h  smal l  batches. Again 
t h e  drug  i s  c a r e f u l l y  d ispersed i n  PES o f  s u f f i c i e n t  v i s c o s i t y  t o  o b t a i n  
s t a b l e  and homogenous suspensions o r  emulsions o f  t h e  d rug  i n  PES. These d i s -  
pe rs ions  a r e  exposed i n  t h i n  l a y e r s  (maximum 5 mm) t o  an atmosphere w i th  a 
de f ined con ten t  o f  water  vapour and, i f  necessary,  a v o l a t i l e  c a t a l y s t  
(ammonia), under c o n t r o l  l e d  temperature.  

Dur ing  po lycondensat ion ,  a p r e c i s e  c o n t r o l  o f  t he  tempera ture  i s  n o t  p o s s i b l e  
w i t h  voluminous batches, s i n c e  t h e  hea t  genera ted  by t h e  po lycondensat ion  
r e a c t i o n  i s  accumulated i n  t h e  m a t e r i a l ,  ma in l y  due t o  a decreas ing  thermal  
c o n d u c t i v i t y  o f  t h e  s o l i d i f i e d ,  porous m a t e r i a l ,  A t  h i g h e r  condensat ion 
temperatures t h e  po lycondensat ion  i s  enhanced, fo rm ing  l a r g e r  pores so t h a t  
t h e  re lease  r a t e  o f  t h e  i n c o r p o r a t e d  drug  proves t o  be non-un i fo rm i n  such 
batches. 
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f 

90 

85 

80 

75 

Solubllfty I7=27'CI 
in PES / ~ 3 0 , , , , ~ l  

no drug 

Reserpine 

Chlarodiazepoxide 

Papaverine 
Stry chnrne 
Codeine 
Chhhine 

Chlorpromozine 
res . Atropine 

IlR. &-Ephe&ine 

Time for ottoing 
50 Pas in PES-drug 

I 1 1 1 

10 20 30 LO 50 50 100 150 2m 
time f h J 

Loss of weight of drug-PES-disperslons durlng exposure to water vapor 
saturated a i r .  
Dispersion : 1 part drug (par ticle size = 700 - 160 pmj in 9 parts PES (MW-2800) 

- 4 6 
L.7 - 
4 3  - 
6.1 
6,O 9,9 
6.1 12.2 
6,O 11,7 
8.1 - 
2.0 3,8 
9.2 - 
7. L - 

- 

Drugs (bases) 

H6 subst. in 7ml min 

7 6 . 6  0,3 
62,2 1.6 
24,8 2,o 
15,8 9 , s  
1 1 ,  6 11.9 
10, L 18.9 

1 . 3 7  34.5 
1.86 - 
0,OOL - 
0.93 - 
0,036 - 

f (lR,ZSI-e@edrrne 
2 chlorpromarin e 
3 atropine 
C codeine 
5 quinine 
6 eserine 
7 strychnine 
8 popaverine 
9 R- adrenaline 
0 chlordiozepoxide 
1 reserpine 

Figure 5 

PK6l PK82 I dispersions 

Figure 6 
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SURFACE MODIFIED SILICAS 75 

USP - paddle 4 
modif. paddle+f/ow cellf 
USP-paddle 
modif. paddle +flow cell 

X)crysta/- 
embedding 
molecdar 
entrapped 
codeine 

I I 

1 2 3 6  5 6 7  a 
time [ h l  

Codeine-release from silica embeddings. Comporsion of 

"in-vitro"- methods . 
Partide size of embedding : 500 - 800 pm 
Dissolution fluid: HCl/KCl-buffer pH 2, ion strength 0.1. T=37 O C  

Figure  7 

1.2.3. 
Polycondensat ion i n  s o l u t i o n  i s  achieved under t h e  same c o n d i t i o n s  as p o l y -  

condensat ion i n  substance, b u t  i t  s t a r t s  wi th a m i x i n g  o f  PES w i t h  a s o l u t i o n  

o f  t h e  drug  i n  an a p p r o p h t e  so l ven t ,  g i v i n g  a mo lecu la r  s c a l e  entrapment of 
t h e  drug  i n  t h e  polymer.  Again t h e  s i z e  o f  a ba tch  i s  l i m i t e d  by hea t  conduc- 

tance problems. The ha rd  and b r i t t l e  m a t e r i a l  ob ta ined  by po lycondensat ion  i n  
substance and i n  s o l u t i o n  can e a s i l y  be crushed t o  t h e  d e s i r e d  p a r t i c l e  s i z e  and 
then s o r t e d  by s i e v i n g .  

Pol ycondensat i  on i n  s o l u t i o n  

1.2.4. Cont inous p roduc t i on  

To overcome t h e  problem o f  inhomogenously condensed m a t e r i a l  a con t inous  p ro -  

d u c t i o n  of  PES d rug  d i spe rs ions  and subsequent po lycondensat ion  can be used, as 
g i ven  schemat i ca l l y  i n  f i g .  3. Drug ( s o l u t i o n )  and PES a re  s imu l tanous ly  r u n  
th rough r o l l e r  p a i r s  w i t h  d i f f e r e n t  r o t a t i o n a l  speeds ( s i m i l a r  t o  o in tmen t  m i l l s )  
t o  o b t a i n  a s u f f i c i e n t  m i x i n g  of  t he  components. Then t h e  m a t e r i a l  i s  b rough t  

on to  a conveyor b e l t ,  where t h e  po lycondensat ion  i s  c a r r i e d  on under a stream 

o f  wa te r  vapor and, i f  necessary,  ammonia. IR-sources ove r  t h e  conveyor b e l t  
heat  and then d r y  t h e  m a t e r i a l .  The conveyor speed i s  a d j u s t e d  i n  such a way, 
t h a t  t h e  PES-drug d i s p e r s i o n  leaves  t h e  b e l t  as p l a s t i c  sheets.  These can be 
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76 UNGER ET AL. 

Modified paddle: two phase model 

aqueous Ph 

rmosfaf -vessel 

Figure 8 

formed t o  a g ranu la te  mass, which i s  f i n a l l y  b rought  on to  d r y i n g  p l a t e s .  

A f t e r  d r y i n g  t h e  m a t e r i a l  t h e  d e s i r e d  p a r t i c l e  s i z e  i s  ob ta ined  by c r u s h i n g  

and s i e v i n g .  

1.2.5. P roduc t i on  c o n t r o l  

A t  t h e  beg inn ing  o f  t h e  po lycondensat ion  i n  substance o r  s o l u t i o n  t h e  po ly -  

condensat ion and d r y i n g  process i s  e a s i l y  mon i to red  by measur ing t h e  v i s -  

c o s i t y  of  t h e  batches. Subsequent ly t h e  l o s s  o f  we igh t  i s  a u s e f u l  parameter 

f o r  ba tch  c o n t r o l ,  based on t h e  r e l e a s e  o f  e thano l  and, l a t e r  i n  t h e  process 

d u r i n g  t h e  d r y i n g  pe r iod ,  t o  t h e  wa te r  deso rp t i on  ( f i g .  4 ) .  

A t  t h i s  p o i n t  i t  shou ld  be ment ioned t h a t  codeine i n c o r p o r a t e d  i n  PES a c t s  

as a moderate c a t a l y s t  - (as  " i n t e r n a l  c a t a l y s t " )  - for t h e  h y d r o l y t i c  p o l y -  

condensat ion o f  PES. Thus, t h e  a d d i t i o n  o f  ammonia i s  n o t  necessary i n  t h i s  

case. 
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SURFACE MODIFIED SILICAS 77  

1 total amount 

- .  - . -. -. 
1 5 6 7 

time [ h  I 
In vitro drug liberation of papaverine from a SiOZ-embedding. using the 
modified paddle ( t w o  phases). 

Figure  9 

C a t a l y t i c  p r o p e r t i e s  a r e  a l s o  shown by o t h e r  d rug  bases ( f i g . 5  ) .  T h e i r  ca ta-  

l y t i c  a c t i v i t i e s  va ry  over  a broad sca le  and a r e  dependent on t h e  pKb and t h e  

s o l u b i l i t y  o f  t h e  bases i n  PES, as i s  seen f rom t h e  t a b l e  i n  f i g .  6 : The 

r a t e  o f  t h e  i nc rease  o f  v i s c o s i t y  i n  t h e  PES drug  d i s p e r s i o n s  c o r r e l a t e s  w i t h  
t h e  s o l u b i l i t y  and t h e  r e c i p r o c a l  o f  t h e  pKb o f  t h e  bases i n  PES. S t rong  

bases l i k e  ephedr ine  w i t h  low pKb and h i g h  s o l u b i l i t y  a r e  t h e  most e f f e c t i v e  
c a t a l y s t s  f o r  po lycondensat ion ,  i n c r e a s i n g  t h e  v i s c o s i t y  o f  PES d rug  d i s p e r -  

s ions  ve ry  r a p i d l y .  

2 .  Drug r e l e a s e  f rom s i l i c a  embedding 

2.1. I n  v i t r o  r e l e a s e  exper iments 

Drug re lease  p r o p e r t i e s  o f  t h e  s i l  ica-drug-embeddings were s t u d i e d  by seve ra l  

" i n  v i t r o "  methods t o  min imize  a r t e f a c t s  due . t o  t h e  i n  v i t r o  r e l e a s e  techn ique.  
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78 UNGER ET AL. 

Factors influencing - drug release from 

polycondensed PES envelops 

FACTOR D R U G  RELEASE RATE 

External cotalyst I NHh) 

Increase of molecular weight 
of starting PES 

Reduction of drug particle size 

Increase of temperature during 
poly merisation 

Enlargment of the envelopes 

Jncorporation of water-soluble 
fillers 

Jncorporation of insoluble 
fillers (fumed silica) 

increose 

decrease 

decrease 

increase 

decrease 

increase 

slight decrease 

Figure 10 

The USP paddle ( 9 ) ,  a m o d i f i e d  padd le  w i t h  a cone-bottom vessel  and a f l o w  

c e l l  (10) were used i n  these exper iments:  

From mo lecu la r  sca le  entrapments codeine i s  re leased  w i t h  t h e  same r a t e  i n  

t h e  padd le  apparatus and i n  t h e  f l o w  c e l l ,  w h i l e  s i l i c a - c o d e i n e  c r y s t a l  
embeddings obv ious l y  show a s i g n i f i c a n t  d e v i a t i o n  i n  t h e  USP padd le  appara tus  

i n  comparison t o  t h e  f l o w  c e l l  ( f i g . 7  ) .  

Release t e s t s  w i t h  p o o r l y  s o l u b l e  substances, such as papaver ine  base ( a t  pH 7,4) 
were performed i n  a mod i f ied  USP padd le  dev i ce  w i t h  cyclohexane as upper, 
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SURFACE MODIFIED SILICAS 79 

' 1 0 0  s - 29,6% m. d 
\ 29.6 % cr. d. 

157% cr.d. 

15,7 % m . d .  

1 I I I 1 I I I 

1 2 3 L 5 6 7 8 
time [ h l  

Codeine release from 

502 - molecular dispersions (m.d.l with different drug 

content. 

particle size of embedding: 500-800 pm 

dissolution fluid: pH 2. ion strenght O,l, T=37 'C 

Si 02 -crystal dispersions (cr.d.l and 

Figure 11 

second phase ( f i g . 8  ) .  With t h i s  dev i ce  t h e  d rug  l i b e r a t i o n  process can be 
mon i to red  under pseudo-s ink-cond i t ions  i n  t h e  aqueous phase, i f  t h e  p a r t i t i o n  

c o e f f i c i e n t  cyclohexan/water i s  s u f f i c i e n t  h igh .  The t ime  dependent amount 

o f  d rug  re leased  was c a l c u l a t e d  f rom t h e  sum o f  t h e  amounts i n  t h e  aqueous 

and t h e  cyclohexane phase ( f i g .  9 ) .  

2.2. 
Drug re lease  f rom t h e  polycondensed s i l i c a  embedments depends on a s e r i e s  
o f  parameters, concern ing  t h e  compos i t ion  o f  t h e  drugs and t h e  p r o d u c t i o n  
c o n d i t i o n s .  These a r e  o u t l i n e d  i n  tab.2 ( f i g . 1 0 )  and some shou ld  be con- 
s i d e r e d  i n  d e t a i l :  

I n f l uences  on drug  l i b e r a t i o n  f rom S i 0 2  embeddings 

2.2.1. 
Drug p a r t i c l e  s i z e  and drug  con ten t  a re  dominant r a t e - d e t e r m i n i n g  parameters 
f o r  d rug  re lease  o f  bas i c  drugs ( s u c h  as code ine) ,  i n c o r p o r a t e d  i n  t h e  S i02  
m a t r i x  ( f i g . l l  ) :  

Drug p a r t i c l e  s i z e  and d rug  con ten t  
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80 UNGER ET AL. 

- 100 - 30% PES rsoa 

; 8 0 -  

5% PEG 1500 $ 

a, without excipien ts 
v) 8 % Aerosil 

\ 

8 % methylated Aerosil - al 
L 

0, 

? 60- 
l b  

L O  - 

I 20- 

1 
I I I I 1 I I 1 

I 1 2 3 I 5 6 7 8 

I 

i 

time l h  I 
Codeine release from S i 0 2 embeddings wlth different excipients. 
Codeine content 16 %. particle size embedding: 500-800 pm 
dissolution fluid pH 2,  ion strenght O , l ,  T=37OC 

Figure 12 

Whi le f rom embedded c r y s t a l s  a more o r  l e s s  cons ide rab le  amount o f  d rug  i s  

i n i t i a l l y  l i b e r a t e d  w i t h  a subsequent decreas ing  r e l e a s e  - depending on b o t h  

t h e  p a r t i c l e  s i z e  of  t h e  drug  and t h e  embeddings - t h e  mo lecu la r  entrapped 

codeine i s  re leased  w i t h  an approx imate ly  cons tan t  i n i t i a l  r a t e ,  i f  t h e  d rug  

con ten t  i s  lower  than 20%. On i n c r e a s i n g  t h e  amount o f  code ined isso lved i n  

PES t h e  l i b e r a t i o n  r a t e  e x h i b i t s a  s i m i l a r  p a t t e r n  t o  codeine c r y s t a l  embeddings. 
Th is  i s  obv ious l y  ach ieved by t h e  s t r o n g e r  c a t a l y t i c  e f f e c t  o f  h i g h e r  amounts 

o f  d i s s o l v e d  base d u r i n g  t h e  po lycondensat ion  process, l e a v i n g  a porous s i l i c a  
m a t r i x  w i t h  la rger  pores.  

2.2.2. A d d i t i v e s  

It i s  w e l l  known t h a t  t h e  l i b e r a t  on r a t e  f rom d r u g  envelopes w i t h  o r g a n i c  
polymers can be i n f l u e n c e d  by the  a d d i t i o n  o f  s o l u b l e  o r  i n s o l u b l e  substances 

i n t o  t h e  w a l l  m a t e r i a l  (11,12,13, 4 ) .  From f i g .  1 2 i t  becomes apparent  t h a t  
water  s o l u b l e  polymers such as po lye thy lene  ox ides  enhance t h e  l i b e r a t i o n  

process, l e a v i n g  o b v i o u s l y  l a r g e r  pores i n  t h e  s i l i c a  m a t r i x  a f t e r  t h e i r  
d i s s o l u t i o n  i n  water.  The i n c o r p o r a t i o n  o f  nonso lub le  h y d r o p h i l i c  o r  hydro- 
phob ic  fumed s i l i c a s  i n t o  t h e  PES o n l y  m a r g i n a l l y  e f f e c t s  t h e  r e l e a s e  r a t e  

o f  t h e  drug. 
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SURFACE MODIFIED SILICAS 81 

- -  - KCI /-. - c. - -.A. .&.-'. . . . . .&. . . . . 
0 x / .  _ . _ . / a -  

I. 

VI 
E 

2K benzoic acid 

codeine - HCI 

[I:[; ' pantothenole 

1 1 
I 

1 2 3 4 5 6 
time I h l  

mug releose from 5 0 2  envelopes (polyconden - 
sotion in substance, catalyst: NHL OH) 

CA = 15.7%; OD = 100-160pm; 0 = 315-8OOpm; 
T p 37 O C ;  

Figure 13 

2.2.3. Drug l i b e r a t i o n  o f  non ion i cs ,  n e u t r a l  s a l t s  and a n i o n i c  drugs 

Non ion ic  drugs l i k e  panto theno l ,  n e u t r a l  s a l t s  l i k e  KC1, codeine-HC1 o r  t h e  

a n i o n i c  benzo ic  a c i d  a r e  v e r y  r a p i d l y  re leased  f rom s i l i c a  embeddings i n  

comparison t o  t h e  mo lecu la r  entrapped drug  bases ( f i g . 1 3 ) .  T h i s  may be p a r t l y  

due t o  t h e  l a r q e r  pores, formed i n  t h e  presence o f  ammonia as an " e x t e r n a l "  

c a t a l y s t .  The adso rp t i on  behav iour  o f  t he  drugs on t h e  s i l i c a  m a t r i x  i s  

another  f e a t u r e  wh ich  must be taken i n t o  cons ide ra t i on :  Only d rug  c a t i o n s  

a re  absorbed a p p r e c i a b l y  t o  t h e  n e g a t i v e l y  charged s i l i c a  su r face  i n  

aqueous d i spe rs ions  (above a l l  i n  n e u t r a l  o r  a l k a l i n e  media). Large hydro- 

phob ic  mo ie t i es  i n  t h e  c a t i o n s  i n t e n s i f y  t h e i r  adso rp t i on  t o  t h e  s i l i c a  
su r face  (15,16,17). 

Thus embeddinas o f  nonadsorbing substances (ment ioned above) may be used 

f o r  t h e  separa t i on  o f  i ncompa t ib le  substances i n  d rug  p repara t i ons  such as 

granu la tes ,  capsules,  o r  t a b l e t s ,  if a spontaneous re lease  

con tac t  w i t h  t h e  q a s t r o  i n t e s t i n a l  f l u i d .  

i s  d e s i r e d  a f t e r  
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a2 UNGER ET AL. 

Organornodif ied silica 

obtained by PES - polycondensation 

Starting material:  

Organomodified P E S  

OEth R OEth 
I I I 

I I I 
... 0 - S i  - 0 - si  - 0 - Si  - 0 _. . . .  

OEth OEth  OEt h 

Polycond ensati on 

Figure 14 

2.3. Orqanomodified PES 

2.3.1. S t r u c t u r e  

H y d r o l y t i c  po lycondensat ion  o f  PES a l s o  proceeds i f  some o f  t h e  e thoxy  groups 

i n  t h e  s t a r t i n q  PES m a t e r i a l  a r e  s u b s t i t u t e d  by  o rgano func t i ona l  groups 

such as a l k y l  cha ins .  These o rgan ic  mo ie t i es  a r e  l i n k e d  by t h e  s t a b l e  S i - C  

bond t o  t h e  s i l i c o n  backbone o f  t h e  polymer ( f i g . 1 4 ) .  The IR spec t ra  o f  

such hydrocarbon s u b s t i t u t e d  PES a r e  c h a r a c t e r i z e d  by s t r o n g  C-H valence 

bond abso rp t i ons .  As an example t h e  spectrum o f  a me thy la ted  PES i s  g i ven  i n  

f i g .  15 w i t h  abso rp t i on  bands between 2850 cm-’. The abso rp t i on  band a t  3630 cm-’ 

i n d i c a t e s  the  0-H valence bonds o f  f r e e  s i l a n o l  groups i n  t h e  polymer.  
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SURFACE MODIFIED S I L I C A S  83 

4 000 3000 ZaoO 15ao lo00 500 
wove number I c m - l l  

Figure 1 5  

JR-spectrum of organo -modified pol yet h o  x y s i I o x a ne lmethylotedl 

2.3.2. Drug r e l e a s e  

The h y d r o l y t i c  po lycondensat ion  o f  d rug  d i s p e r s i o n s  i n  PES 3 5 0 / a l k y l - s u b s t i t u t e d  

PES-mixtures o b v i o u s l y  y i e l d s  d ruq  embeddings w i t h  p r o p e r t i e s  such as hydro-  

phob ic  ma t r i ces .  I n  comparison w i t h  the  pure  s i l i c a  embeddings the  r e l e a s e  

r a t e  o f  mo lecu la r  entrapped codeine i s  cons ide rab ly  reduced even a t  a l ow  

oc ty l -g roups  c o n t e n t  o f  t h e  m a t r i x  m a t e r i a l  ( f i g . 1 6 ) .  Thus these m i x t u r e s  can be 

used t o  c l o s e  t h e  qap between t h e  pure  h y d r o p h i l i c  s i l i c a s  and t h e  w e l l  known 

hydrophobic s i l i c o n e  polymer ma t r i ces  on the  f i e l d  o f  c o n t r o l l e d  drug  d e l i v e r y .  

2 .4.  

The s i l i c a  embedded drugs can be i nco rpo ra ted  e a s i l y  i n t o  s o l i d  dosage forms l i k e  

hard  q e l a t i n e  capsules o r  t a b l e t s .  I n  t h e  Dresence o f  a s u f f i c i e n t  amount o f  

t a b l e t i n q  a ids  l i k e  A v i c e l ,  d rug  re lease  s n o t  s i g n i f i c a n t l y  changed from t a b l e t s  

i n  comparison w i t h  t h e  pure  S i02  drua embedding, even i n  capsu les  ( f i g . 1 7 ) .  

Drua r e l e a s e  f rom dosage forms 

3. Oraanomodif ied fumed, nonporous s i l i c a s  as s t a b i l i z e r  f o r  suspensions 

Lraano-Tunct ional  groups a r e  i n t roduced  on to  t h e  su r faces  o f  fumed s i l i c a s  by 

chemisorp t ion  o f  o rganoch lo ros i l anes  a t  su r face  s i l a n o l  groups. Being l i n k e d  
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24 E 
1 2 3 4 5 6 t l h l  

Codeine release from Si 02 embeddings; modified with n -0ctyl groups 

Dissolution fluid: HCllKCI buffer; ion strength 0,l; T=3?OC, pH 2 

PES 350 pure 
PES 350 surface coverage 6.25% -.-.-.-.-.-.- + tween 20 in 

n -octy l  groups dissol, fluid 
PES 350 surface coverage 2.5 VO ' . . . ' . . . . . . . . . .  ' . . . .  

n-  octyl groups 
P E S  350 surface coverage 6,25% +-A-&-& 

n-octyl groups 

_---_--- 

Figure 16 

I 

0 

0 
30% tabl.HM T 

pure material. hard 
; 80- 30% Av/ce/,PHX)I 

3 40% HM T 
8 

60 - 

W -  

20 - 

I 1 1 I I 1 I 

1 2 3  4 5 6 7  8 t i m e I h 1  

0 

0 
30% tabl.HM T 

pure material. hard 
; 80- 30% Av/ce/,PHX)I 

3 40% HM T 
8 

60 - 

W -  

20 - 

I 1 1 I I 1 I 

1 2 3  4 5 6 7  8 t i m e I h 1  

gelatne capsules 

1 R E L E A S E  OF C O D E I N E  FROM S l 0 2 E N V F L O P E S  IN T A B L E T S  
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SURFACE MODIFIED SILICAS 85 

bgregation - mechanism of silica particles 
with adsorbates in aqueous dispersion 

0 )  Adsorbate: PEG -nonylphenol -, surface coverage 50% 

"sen s i t  isa fion " 

I 

I 
b )  Adsorbate: Octadecyldimethylsiloxane - Si - "surface coverage" 

OH + 

I s 

Figure 18 

t o  t h e  Si02 surface by s t a b l e  Si-C-bonds, these render the surface of the 
s i l i c a  p a r t i c l e s  more or less hydrophobic depending on the surface coverage 
of t h e  chemisorbate. 

I t  i s  well known from experiments with surface ac t ive  substances, physisorbed 
on to  col loidal  s i l i c a s ,  t h a t  the corresponding aqueous dispers ions show a 
remarkable aggregation of the s i l i c a  within a narrow concentration o f  t h e  
sur fac tan t .  Under these conditions th ixot ropic  gels  a re  formed with s i l i c a  
concentrations higher than 4% (4,19). The contact  between t h e  s i l i c a  p a r t i c l e s  
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86 

C content of odsor - 
ba fes 

1 % )  

2,8L 
3,28 

5.40 
8.50 

11.29 

UNGER ET AL. 

Surface coverage 

offer chemisorption 
of oc todecyldime thy1 
groups I % I 

8 

10 

17 
27 
35 

Surface modification of colloidal 
silica by chemisorption of alkylchlorosilanes 

OH C H 3  I 1 . OH -r - 
0 

C H 3  t R  - C  - CI 
I I 

OH 1111 C I - S i  - R \ - . - 
OH 1,2-Dichlormethan I 

/ 

C H  3 

, O H  
- OH Physisorption 2 

0 
- 

/ 
Removing of  solvent 

- H C I / C h e r n  i sorption 

..... ..... ..... ..... ..... ..... ..... ..... . gii; 
J 

- ... 
0 :i::: 

...... ...... 3 0 - : i - R  ...... ....... 

...... ...... ...... ....... ...... 
...... ...... ...... C H 3  

OH 

F i g u r e  19 

C- Analysis of chemisorbed octodecyldirnethyl- groups on 
colloidal silica Aerosil 

Surface coverage 
1 % )  

(adjusted by adsorp- 
tion equilibria) 

8 
13 

2 0  
30 
LO 

Surface densify of 

adsorption 

0,36 
0.41 

0,68 
1.07 
1, L1 

F i g u r e  20 
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SURFACE MODIFIED SILICAS a7 

3000 2500 
wave number [ c m -  ' 1  - 

Figure 2 1  

Chemisorbates of colloidal silica Aerosil and dimethyloctadecyl 
chloro silone 
surface coverage 20 % 

pure silica surface 
a % - - - - - - - - -  

. . . . . . . .. . . . .. . . . . 

i n  these aggregates i s  e s t a b l i s h e d  by hydrophobic i n t e r a c t i o n s  o f  t h e  s u r f a c t a n t  

hydrocarbon cha ins ,  o r i e n t e d  pe rpend icu lady to  t h e  sur faces  ( f ig.18a).  N a t u r a l l y  

t h e  adso rp t i on  o f  t h e  s u r f a c t a n t  and, t h e r e f o r e ,  t he  cor respond ing  v i s c o s i t y  

e f f e c t s  depend on a s e r i e s  o f  parameters such as a d d i t i v e s ,  pH and tempera- 

t u r e .  They a l s o  i n f l u e n c e  t h e  adso rp t i on  e q u i l i b r i a  and, consequent ly,  t h e  

mutual  i n t e r a c t i o n s  between t h e  p a r t i c l e s .  
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aa 

I Aerosil 2tK) 

0 -  
a-- 

UNGER ET AL. 

f 139 I - 
9- 0 1  t.-70 

Figure  22 

Viscosify of aqueous dispersions (5 %) of surface 
modified silica (Aerosif oc tadecyldimethytgroupsj . 

System: Rotovisco EMK 50 PKS 

I n  view o f  these phenomena we had t h e  i dea  t o  improve t h e  g e l l i n g  e f f e c t  o f  
t h e  s i l i c a  p a r t i c l e  by  chemisorp t ion  o f  s u r f a c t a n t - l i k e  m o i e t i e s  a t  t h e  su r -  

face .  A broad s c a l e  o f  su r face  coverage was i n v e s t i g a t e d  i n  o r d e r  t o  e v a l u a t e  

the  b e s t  c o n d i t i o n s  f o r  t h e  g e l l i n g  o r  aggregat ing  mechanism (f ig.18b):  

F i r s t  we p h y s i c a l l y  adsorbed o rganoch lo rs i l anes ,  l i k e  octadecyldimethylchloro- 
silane, o n t o  t h e  s i l i c a  p a r t i c l e s  f rom a nonpo lar  s o l v e n t  a t  a d e f i n i t e  ad- 

s o r p t i o n  e q u i l i b r i u m .  A f t e r  removing t h e  adsorbate  f rom t h e  l i q u i d  phase t h e  

chemisorp t ion  was f o l l o w e d  by h e a t i n g  t h e  adsorbates t o  t h e  r e a c t i o n  tempe- 

r a t u r e .  (The r e a c t i o n  pathway i s  g i ven  s c h e m a t i c a l l y  i n  f i g . 1 9 ) .  

The cor respond ing  adsorbates a r e  c h a r a c t e r i z e d  b y  w e l l  d e f i n e d  su r face  coverage 

va lues  ( f i g 2 0  ) .  IR -spec t ra  o f  these adsorbates demonstrate t h e  d i f f e r e n t  
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A ) Influence of repeated shearing 
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”? 
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0 128 256 
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F i g u r e  23  

Viscosity of aqueous dispersions (5 %I of surface 
modified silico (Aerosil with octodecyl groupslunder 
mechanical stress and in the presence of efectro- 
iy tes .  
System : Rotovisco EMK 500 PK 5 
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degree o f  chemisorp t ion  as i t  i s  seen from t h e  su r face  s i l a n o l  abso rp t i on  

band a t  3686 cm-' and t h e  CH-valence bands o f  t h e  o rgan ic  r e s i d u e  a t  

2960 cm-' f o r  t h e  methy l -g roup and a t  2856 cm-' f o r  t h e  hydrocarbon cha in ,  

r e s p e c t i v e l y  ( f i g .  2 1 ) ~ ) .  

These organomodi f ied  s i l i c a s  form ge ls  w i t h  p l a s t i c  f l o w  behav iour  i n  

aqueous d i s p e r s i o n  a t  5% s i l i c a  con ten t  ( f i g . 2 2 ) .  S t a r t i n g  w i t h  8% organo- 

m o d i f i e d  groups on t h e  s i l i c a  p a r t i c l e s ,  d e f i n i t e  y i e l d  va lues  a re  ob ta ined .  

S i l i c a s  w i t h  h ighe r  adso rp t i on  d e n s i t i e s  o f  o rgano func t i ona l  groups ach ieve  

a remarkable i nc rease  o f  t h e  y i e l d  va lue  and a t y p i c a l  d i l a t a n t  f l o w  be- 

h a v i o u r  a t  h i g h e r  shear r a t e s .  T h i s  may be due t o  a s t i f f  ne twork  o f  aggre- 

ga ted  s i l i c a ,  i n  wh ich  t h e  s i n g l e  s i l i c a  p a r t i c l e s  a r e  s tack  t o g e t h e r  by 

t h e  hydrophobic chemisorbate,  f o rm ing  s t r i n g s  o f  beads (20 ) .  I n  c o n t r a s t  pu re  

A e r o s i l  d i spe rs ions  show no y i e l d  va lue  even a t  10% s i l i c a  i n  aqueous d i s -  

pers ions .  

These g e l s  a r e  ve ry  i n s e n s i t i v e  w i t h  respec t  t o  t h e  a d d i t i o n  o f  n e u t r a l  s a l t s  

l i k e  KC1 o r  t o  a repeated  mechanical s t r e s s  ( f i g . 2 3 ) .  From t h i s  we can 

s t a t e  t h a t  t h e  su r face  m o d i f i e d  s i l i c a s  can be used as g e l l i n g  and t h i c k e n i n g  

agents s i m i l a r  t o  s w e l l i n g  c l a y s  w i t h o u t  t h e  g r e a t  number o f  i n c o m p a t i b i l i t i e s  

o f  t h e  c l a y s  w i t h  respec t  t o  i o n  exchange and i n t e r c a l a t i o n .  
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