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SEPARATION AND PURIFICATION METHODS, 3 ( 2 ) ,  245-262 (1974) 

A COMPARISON OF SEMIPERMEABLE MICROCAPSULES 

AND STANDARD DIALYSERS FOR USE 

I N  SEPARATION 

T. M. S. Chang 

Department of Physiology 

M c G i l l  U n i v e r s i t y ,  Montreal ,  P.Q., Canada 

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

D i a l y s e r s  w i t h  membranes of  t h e  c o i l ,  p l a t e ,  o r  c a p i l l a r y  

c o n f i g u r a t i o n s  are most commonly used i n  s e p a r a t i o n  procedures .  

I n  r e c e n t  y e a r s ,  t h e r e  i s  t h e  development of a new class of 

d i a l y s i s  system i n  t h e  form of semipermeable microcapsules  (1,2,3, 
4 ) .  It i s  t h e  purpose of t h i s  paper t o  d i s c u s s  t h i s  new d i a l y s i s  

system and t o  compare it w i t h  s t a n d a r d  d i a l y s e r s .  

Movement of molecules a c r o s s  d i a l y s i s  membranes 

The movement of molecules a c r o s s  d i a l y s i s  membranes i n v o l v e  

t h r e e  main s t e p s :  (1) t h e  movement of t h e  molecules from t h e  

s o l u t i o n  t o  t h e  i n t e r f a c e  of t h e  membrane, (2)  t h e  movement of 

molecules through t h e  membrane, and (3)  t h e  movement of molecules  

away from t h e  i n t e r f a c e  of t h e  membrane on t h e  o t h e r  s i d e .  

f a c t o r  r e l a t e d  t o  t h e  movement of molecules t o  and away from the  

i n t e r f a c e  of t h e  membrane w i l l  b e  d iscussed  when t h e  s p e c i f i c  

examples are given.  The movement of molecules a c r o s s  t h e  

membrane are governed by f a c t o r s  expressed in t h e  fo l lowing  

equat ion  : 

The 
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J s = - * - =  ds J i  - Jo 
d t  A 

i c; - cs 
= wRT (C: - C i )  + ((1 - 0) - Jv) 

I n  - i 
cS 

Where : 

Js = n e t  f l u x  of s o l u t e  

Ji = i n f l u x  of  s o l u t e  

Jo = o u t f l u x  of s o l u t e  

- -  ds - number of molecules c ros s ing  t h e  membrane i n  u n i t  t i m e  
d t  

A = membrane a r e a  a v a i l a b l e  f o r  d i f f u s i o n  

w = s o l u t e  permeabi l i ty  c o e f f i c i e n t  

dx = membrane th ickness  

fsw = f r i c t i o n  c o e f f i c i e n t  of s o l u t e  and so lven t  i n  membrane 

f s m  = f r i c t i o n  c o e f f i c i e n t  of membrane and s o l u t e  

R = gas cons tan t  

T = abso lu te  temperature  

CO = s o l u t e  concent ra t ion  i n  compartment o 

cs = s o l u t e  concent ra t lon  i n  compartment i 

o = r e f l e c t i o n  c o e f f i c i e n t  

Jv - t o t a l  flow of s o l u t e  and so lven t  

K - d i s t r i b u t i o n  c o e f f i c i e n t  f o r  s o l u t e  between membrane and 

8 

i 

aqueous phase 

I f  t h e  o t h e r  f a c t o r s  remain cons tan t  then the  r a t e  of move- 

ment of molecules ac ross  t h e  membrane i s  p ropor t iona l  t o  t h e  t o t a l  
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SEMIPERMEABLE MICROCAPSULES AND STANDARD DIALYSERS 

i membrane area ( A ) ,  c o n c e n t r a t i o n  g r a d i e n t  (Co - C 1, p o r o s i t y  of 

t h e  membrane, and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  membrane th ickness  

(dx) (F igure  1 ) .  

9 s  

Movement of molecules i n  s t a n d a r d  d i a l y s i s  system 

Standard d i a l y s e r s  depend on t h e  b a s i c  p r i n c i p l e  (F igure  1 ) 

where a semipermeable membrane s e p a r a t e  two compartments. The 

s o l u t i o n  w i t h  molecules t o  b e  s e p a r a t e d  flow through one compart- 

ment (0). The d i a l y s a t e  o r  washing s o l u t i o n  flows through t h e  

o t h e r  compartment ( I ) .  Dia lysable  molecules c r o s s  t h e  membrane 

from compartment 0 t o  compartment I where they are removed by t h e  

I I Mem brans 
(area A )  

FIGURE 1 

Movement of  molecules a c r o s s  a membrane. 0 - compartment 0,  I - 
compartment I ,  C s  - s o l u t e  c o n c e n t r a t i o n ,  J - f l u x  of  s o l u t e  a c r o s s  
membrane, and s - s o l u t e .  
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dia lyz ing  so lu t ion .  

d i a l y s i s  membrane is f a c i l i t a t e d  by using a l a r g e  membrane a r e a  

which is made a s  t h i n  and as porous a s  poss ib l e .  I n  the  case  of 

t he  standard d i a l y s e r s  used as a r t i f i c i a l  kidneys i n  removing 

undes i rab le  metabol i tes  from blood, the t o t a l  membrane area 

The r a t e  of movement of molecules across  the  

rou t ine ly  used is  1 mL , 
su r face  a rea  w i l l  r e s u l t  i n  an undes i rab le  inc rease  of the  priming 

volume of the  d i a l y s e r s ,  I n  t h i s  type of system, t h e  membrane 

thickness is usual ly  about 20 microns, s i n c e  wi th  th inner  membranes 

the re  would be problems of membrane leakage o r  breakage. 

standard d i a l y s i s  system the  movement of molecules t o  the  su r face  

of t he  membrane and t h e  movement of molecules away from the  

membrane a f t e r  c ross ing ,  is f a c i l i t a t e d  by appropr ia te  adjustments 

of hydrodynamics. 

Any ex tens ive  increase  i n  t h e  t o t a l  

I n  the  

Movements of molecules i n  a microcapsule d i a l y s i s  system 

Next, l e t  us look a t  the  more s p e c i a l  case  of d i a l y s i s  

systems i n  the  form of semipermeable microcapsules. 

microcapsules a r e  u l t r a t h i n  membrane systems of microscopic 

dimensions (Figure 2 ) .  Their prepara t ion ,  p r o p e r t i e s ,  and 

app l i ca t ions  have been described i n  d e t a i l  ( 2 ) .  Typically they 

have a membrane th ickness  of about 0.02 p and a mean diameter of 

5 to  2000 microns. The same f a c t o r s  governing the  movements of 

molecules across  a d i a l y s i s  membrane determine the  r a t e  of move- 

ment of molecules across  the  microcapsule. However, t h e  small 

p a r t i c l e  s i z e  of t he  microcapsule is such t h a t  a very l a r g e  

membrane a rea  to  volume re l a t ionsh ip  i s  ava i l ab le .  For example, 

10 ml of 20 micron diameter semipermeable microcapsules have a 

t o t a l  membrane a rea  of more than 2 m . Furthermore, t he  membrane 

Semipermeable 

2 

th ickness  i s  about t h  of t h a t  of a s tandard  d i a l y s i s  membrane. 1000 
This u l t r a t h i n  membrane is made poss ib l e  s i n c e  i n  a microscopic 

sphe r i ca l  conf igura t ion  the  membrane can be made much th inner  

without becoming uns tab le .  I f  one looks a t  t h e  t h e o r e t i c a l  

i n i t i a l  t r anspor t  rate across  10  m l  of microcapsules as compared 

t o  a s tandard  d i a l y s e r ,  very s u r p r i s i n g  r e s u l t s  a r e  obtained 
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SEMIPFJWFABLE MICROCAPSULES AND STANDARD DIALYSERS 

FIGURE 2 

Microphotograph of semipermeable microcapsules conta in ing  enzyme. 
Mean diameter - 100 micron. Membrane th ickness  - 2 A. 

(Figures3,4).For a conserva t ive  a n a l y s i s ,  l e t  us use  a membrane 

th ickness  of 5 microns ( in s t ead  of 25 microns) f o r  t h e  membtane of  

d i a l y s e r s  and 0.05 micron ( in s t ead  of 0.02 micron) f o r  t h e  membrane 

of semipermeable microcapsules. The t h e o r e t i c a l  i n i t i a l  t zanspor t  

rate of s tandard  d i a l y s e r s  wi th  1 m 

membrane th ickness  i s  represented  as uni ty .  The t h e o r e t i c a l  

i n i t i a l  t r anspor t  r a t e  of 10 m l  of d i f f e r e n t  diameter (10 - 2000 

microns) microcapsules wi th  0.05 micron membrane th ickness  a r e  

computed and represented i n  t h e  curve. It shows t h a t  10 m l  of 

10  micron diameter microcapsules have a t h e o r e t i c a l  i n i t i a l  

t r anspor t  r a t e  which is  about 200 t i m e s  g r e a t e r  than  t h a t  of t he  

s tandard  1 m a r e a  d i a l y s i s  system. Even 10 m l  of microcapsules 

wi th  a diameter of 2000 microns have a p o t e n t i a l  t r anspor t  r a t e  of 

about twice t h a t  of t he  s tandard  1 m a r e a  d i a l y s i s  system. If one 

were to  use a volume of microcapsules comparable t o  t h e  t o t a l  

2 membrane a rea  and 5 micron 

2 

2 
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Schematic comparison of th ickness  of s t a n d a r d  d i a l y s i s  membrane 
wi th  microcapsule  membrane. s - s o l u t e .  

pr iming volume of t h e  s t a n d a r d  1 m2 d i a l y s i s  system (approximately 

300 ml) ,  t h e  t h e o r e t i c a l  i n i t i a l  t r a n s p o r t  rate would be a t  least  

6000 times higher  i n  t h e  case  of t h e  10  micron microcapsule  and 

50 times h igher  i n  t h e  case of t h e  very  l a r g e  200 micron micro- 

capsule .  These t h e o r e t i c a l  r e s u l t s  would have t o  be considered 

t o g e t h e r  wi th  t h e  o t h e r  f a c t o r s  of movement of  molecules t o  t h e  

s u r f a c e  of t h e  membrane and t h e  movement of molecules away from 

t h e  membrane i n t e r f a c e .  

d e t a i l  t h e s e  two f a c t o r s  f o r  semipermeable microcapsules  ( 5 ) .  

Vieth e t  a1 have r e c e n t l y  ana lysed  i n  some 

The c o e f f i c i e n t  (K) f o r  t h e  molar f l u x  (Jb)  of molecules from 

t h e  s o l u t i o n  t o  t h e  e x t e r n a l  membrane s u r f a c e  i s  expressed by t h e  

fol lowing equat ion  (6) :  

Jb = 5 A (C: - C:) 
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SEMIPERMEABLE MICROCAPSULES AND STANDARD DIALYSERS 

Where: A is t h e  s u r f a c e  area of t h e  microcapsules  

Co i s  t h e  c o n c e n t r a t i o n  of s o l u t e  i n  t h e  suspending 

s o l u t i o n  

Cm i s  t h e  c o n c e n t r a t i o n  of s o l u t e  a t  t h e  e x t e r n a l  s u r f a c e  

of membrane 

The c o e f f i c i e n t  5 i s  r e l a t e d  t o  t h e  degree  of tu rbulence  of 

f l u i d  around t h e  e x t e r n a l  s u r f a c e  of t h e  microcapsules .  Adequate 

s t i r r i n g  i n  t h e  case of a suspension o r  adequate  f low d i s t r i b u t i o n  

1,000 

500 

2 25n 

1 

r 

STANDARD 1 m2 DIALYSER k 
DIAMETER OF MTCROCAPSULES (microns) 

FIGURE 4 

R a t i o  of microcapsule  t r a n s p o r t  ra te  verus  s t a n d a r d  1 m2 d i a l y s e r  
t r a n s p o r t  rate. Standard d i a l y s e r  ra te  be ing  1. Microcapsules  of 
d i f f e r e n t  d iameters  and wi th  to ta l .  volumes of e i t h e r  10  ml o r  300 
m l  are shown. 
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i n  t he  case  of a f ixed  bed would ensure e f f i c i e n t  t r anspor t  from 

the  solutLon t o  the  membrane sur face .  

Another f a c t o r  is t h e  movement of s o l u t e  away from t h e  i n t e r -  

f ace  of t he  membrane on the  o the r  s ide .  I n  the  case  of a r i g i d  

sphere wi th  unmixed conten t ,  t h i s  can be represented by the  

equation f o r  d i f fus ion  i n t o  a sphere (5 ) :  

acr a acr 
ar 

D r  [ - + --] - ( r a t e  of deple t ion  of s o l u t e s  by adsorp t ion  2 r ar 
o r  c a t a l y s i s )  

Where: D is d i f fus ion  c o e f f i c i e n t  

C is concent ra t ion  of s o l u t e  

r is r ad ia l  d i s t ance  from cen te r  of microcapsules 

The small diameter of t he  microcapsules r e s u l t s  i n  an i n t e r n a l  

aqueous phase of microscopic dimension. 

d i f fus ion  and mixing of s o l u t e  i n s i d e  the  microcapsules. Further- 

more, t h e  f l e x i b i l i t y  of the  membrane a l s o  allows f o r  mechanical 

mixing of the  content of the  microcapsules i n  a s t i r r e d  suspension 

o r  i n  a f ixed  bed wi th  p u l s a t i l e  flow. 

he lp  t o  decrease the r a d i a l  g rad ien t  i n s i d e  the microcapsules a s  

expressed by the  above equation f o r  a r i g i d  unmixed sphere  ( 2 ) .  

This would allow f o r  rap id  

A l l  these  f a c t o r s  would 

Another important f a c t o r  is t h a t  the  t h e o r e t i c a l  i n i t i a l  

t r anspor t  rate would diminish r ap id ly  unless  t he  concent ra t ion  

g rad ien t  (C1 - C ) across  the  microcapsule membrane is maintained. 

I n  the  standard d i a l y s i s  system the  concent ra t ion  gradien t  is 

maintained by t h e  c i r c u l a t i o n  of d i a l y s a t e  wi th  a low s o l u t e  

concentration i n  the  d i a l y s a t e  compartment. 

one use i n  the  case of t he  semipermeable microcapsules? 

2 

What machanism can 

Types of semipermeable microcapsule systems 

L e t  us look a t  the  following examples (Figure 5 ) :  (I) In  

the  f i r s t  case ,  the  semipermeable microcapsules a r e  used as a 

simple microscopic d i a l y s i s  system. The i n i t i a l  t r anspor t  rate 

is such t h a t  s o l u t e s  would very quickly e q u i l i b r a t e  across  the  
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SEMIPERMEABLE MICROCAPSULES AND STANDARD DIALYSERS 

FIGUICE 5 

Schematic r ep resen ta t ion  of fou r  types of microcapsule  systems. 
(1) microcapsules conta in ing  s o l u t i o n  (2) microcapsules  conta in ing  
adsorbent  (3)  microcapsules  conta in ing  enzyme ( 4 )  microcapsules  
conta in ing  enzyme p lus  adsorbent .  s - s o l u t e ,  P - product  of 
enzymatic r eac t ion ,  C - cells, and A - an t ibod ies .  

membrane. For  i n s t ance ,  i n  100 mlcron mean diameter  microcapsules  

t h e  T 112 f o r  e q u i l i b r a t i o n  i s  about  5 seconds f o r  u rea  and 35 

seconds f o r  sucrose .  

above t h e o r e t i c a l  a n a l y s i s .  

p rope r t i e s  (e.g. po ros i ty ,  th ickness ,  charge,  l i p i d ,  e tc . )  could 

This rate oE e q u i l i b r a t i o n  would suppor t  t he  

Fur ther  v a r i a t i o n s  i n  membrane 
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r e s u l t  i n  h igher  s e l e c t i v i t y  i n  regard  t o  molecular  s i z e ,  charge 

of molecules ,  l i p i d  s o l u b i l i t y ,  e tc .  The use  of semipermeable 

microcapsules  as a s imple microscopic  d i a l y s i s  system would b e  

e f f e c t i v e  f o r  r a p i d l y  s e p a r a t i n g  a small volume of s o l u t i o n  o r  f o r  

chromatographic s e p a r a t i o n .  I n  order  t o  main ta in  t h e  c o n c e n t r a t i o n  

g r a d i e n t  and t h e  capac i ty  t o  remove a n  a p p r e c i a b l e  amount of 

molecules ,  o t h e r  systems can b e  used i n  combination with t h e  

semipermeable microcapsules .  (11) One of t h e s e  involves  t h e  use  o f  

semipermeable microcapsules  c o n t a i n i n g  adsorbents  ( e  .g. a c t i v a t e d  

c h a r c o a l ) .  In t h i s  c a s e ,  molecules which d i a l y z e  r a p i d l y  a c r o s s  

t h e  semipermeable microcapsules  are adsorbed by t h e  adsorbents  

i n s i d e  t h e  microcapsules ,  thus  main ta in ing  a c o n c e n t r a t i o n  g r a d i e n t  

a c r o s s  t h e  membrane. Proper  s e l e c t i o n  of membranes and adsorbents  

would a l low one a g r e a t  d e a l  of  s e l e c t i v i t y .  (111) Another system 

i s  t h e  use  of semipermeable microcapsules  c o n t a i n i n g  enzymes. In 

such a system, t h e  d ia lyzed  s u b s t r a t e  e n t e r i n g  t h e  semipermeable 

microcapsules  is converted t o  products  which can d i f f u s e  o u t ,  and 

in t h i s  way, t h e  s u b s t r a t e  c o n c e n t r a t i o n  i n s i d e  t h e  microcapsules  

i s  maintained low, thus  a l lowing  a c o n c e n t r a t i o n  g r a d i e n t  f o r  

s u b s t r a t e s  t o  cont inuous ly  e n t e r  t h e  microcapsules .  The micro- 

encapsula ted  enzyme system u n l i k e  t h e  microencapsulated adsorbent  

system, is n o t  c a p a c i t y  l i m i t e d ,  bu t  acts cont inuous ly  i n  t h e  form 

of a microscopic  r e a c t o r .  ( I V )  Semipermeable microcapsules  can 

b e  made t o  c o n t a i n  a combination of enzyme and adsorbent  f o r  i t s  

product ,  s o  t h a t  d i a l y s a b l e  s u b s t r a t e s  can b e  s e l e c t i v e l y  converted 

by t h e  enzyme and t h e  product  s e l e c t i v e l y  adsorbed. 

The fo l lowing  are t y p i c a l  examples of how t h e s e  d i f f e r e n t  

systems of semipermeable microcapsules  are used i n  p r a c t i c e  f o r  

s e p a r a t i o n  and p u r i f i c a t i o n .  

S e l e c t i v e  s e p a r a t i o n  o f  a s p e c i f i c  t y p e  of molecules from a complex 

system 

For t h i s  example l e t  us  t a k e  a complex s i t u a t i o n  i n  which 

blood,  a complex suspension of blood cells, p r o t e i n ,  and numerous 

types  of s o l u t e s ,  c i r c u l a t e  i n  t h e  blood v e s s e l s  of a l i v i n g  person.  
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SEMIPERMEABLE MICROCAPSULES AND STANDARD DIALYSERS 

There are many c a s e s  when a person a c c i d e n t a l l y  o r  i n t e n t i o n a l l y  

takes  a l a r g e  q u a n t i t y  of  drugs o r  t o x i n s  r e s u l t i n g  i n  dangerously 

e l e v a t e d  blood l e v e l s .  

type  of drug o r  t o x i c  molecules from t h i s  complex c i r c u l a t i n g  blood 

i n  t h e  body? The s t a n d a r d  method f o r  t h i s  inc ludes  t h e  use  of t h e  

s tandard  d i a l y s e r s .  Here blood from t h e  p a t i e n t  f lows through 

one compartment where permeant molecules ,  i n c l u d i n g  t h e  drug,  

d i f f u s e  a c r o s s  t h e  membrane t o  be washed away by d i a l y s i s  s o l u t i o n  

on t h e  o t h e r  s i d e .  

of t h e  commonly encountered poisonings.  The e f f i c i e n c y  of removal 

i s  of t h e  o r d e r  shown i n  Table I .  I n  theory ,  one could p u t  a 

column of adsorbent  granules  and p a s s  t h e  blood d i r e c t l y  through 

i t  t o  remove t h e  t o x i c  material. I n  f a c t ,  t h i s  has  been done us ing  

a column of f r e e  a c t i v a t e d  charcoa l  granules  (7,8). Although t h e  

la t ter  system is very e f f e c t i v e  i n  removing drugs ,  a t  t h e  same t i m e  

it removes e s s e n t i a l  blood elements  ( e . g .  p l a t e l e t s )  and releases 

charcoa l  powder i n t o  t h e  blood stream caus ing  adverse  e f f e c t s .  

These problems are e l imina ted  when t h e  adsorbent  granules  are  

placed i n s i d e  semipermeable microcapsules  ( 2 , 3 , 9 ) .  Thus, a c t i v a t e d  

charcoa l  granules  have been microencapsulated by c o a t i n g  w i t h  an  

u l t r a t h i n  l a y e r  of blood-compatible polymer membrane. These are 

then  r e t a i n e d  i n  a column through which blood from t h e  p a t i e n t  i s  

How does one s e l e c t i v e l y  s e p a r a t e  a s p e c i f i c  

This  method i s  only  f a i r l y  e f f e c t i v e  f o r  most 

TABLE I 

CLINICAL DRUG CLEARANCE COMPARISON 

Methyprylon : 

ACAC microcapsules:  230 mllmin 

Hemodialyzers: 80 mllmin 

Glutethimide:  

ACAC microcapsules:  150 ml/min 

Hemodialyzers : 60 mllmin 

Methaqualone: 

ACAC microcapsules:  230 mllmin 

Hemodialyzers: 29 mllmin 
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CHANG 

allowed t o  per fuse .  The coa t ing  prevents  powder from the  charcoa l  

granules from being re leased  i n t o  the  c i r c u l a t i o n ,  whi le  t h e  

blood-compatible membrane coa t ing  prevents t h e  removal of e s s e n t i a l  

blood c e l l s ,  such a s  p l a t e l e t s  from the  c i r c u l a t i n g  blood. The 

very high t r anspor t  r a t e  of t h e  u l t r a t h i n  membrane of  t he  semi- 

permeable microcapsules allows drugs t o  d i f f u s e  r ap id ly  ac ross  

the  membrane t o  be  removed by t h e  enclosed ac t iva t ed  charcoal.  

I n  t h i s  way, t he  microcapsule system i s  much more e f f i c i e n t  than 

the  standard d i a l y s i s  system f o r  the  treatment of p a t i e n t s  wi th  

drug poisoning ( 1 0 , l l )  (Table I ) .  

I n  add i t ion  t o  the  above f a c t o r s  , t he  microencapsulated 

adsorbent system would a l s o  be  e f f e c t i v e  i n  removing c e r t a i n  

types of protein-bound tox ic  materials. Some drugs and tox ins  a r e  

bound t o  p ro te in  i n  the  plasma. The propor t ion  of protein-bound 

drug to  unbound drug depends on the  a f f i n i t y  of t he  p r o t e i n  f o r  

t he  drug and on the  equi l ibr ium cons tan t .  

drugs,  i t  i s  mostly the  unbound f r a c t i o n  t h a t  d i a lyzes  ac ross  the  

standard d i a l y s i s  system. 

ac t iva t ed  charcoa l ,  t he  charcaa l  has a varying degree of a f f i n i t y  

f o r  d i f f e r e n t  drugs. For example i s  has  a very high a f f i n i t y  f o r  

c e r t a i n  drugs l i k e  doriden. As a r e s u l t ,  t he  drug e q u i l i b r a t e s  

r ap id ly  across  the  u l t r a t h i n  membrane and i s  a c t i v e l y  adsorbed on 

t o  the  charcoal.  This high a f f i n i t y  of t he  charcoa l  f o r  doriden 

would appear t o  move the  equi l ibr ium of the  drug i n t o  the  

d i r e c t i o n  of t he  ac t iva t ed  charcoa l ,  r e s u l t i n g  i n  t h e  unbinding of 

t h e  protein-bound drugs.  The e f f i c i ency  of t h e  removal of t h i s  

drug by the  microencapsulated charcoa l  system as compared t o  

s tandard  h e m d i a l y s i s  (Table I ) shows t h a t  t h i s  i s  t h e  case.  

With most protein-bound 

I n  the  case  of microencapsulated 

This example is one i n  which one has  t o  sepa ra t e  one type  of 

molecules from a complex suspension. This s i t u a t i o n  demands t h a t  

t he  complex suspending s o l u t i o n  should no t  be adversely a f f ec t ed  

i n  any way. For in s t ance ,  n e i t h e r  by the  add i t ion  of  any ma te r i a l  

from the  sepa ra t ing  system, nor by the  removal of e s s e n t i a l  material 
from the  complex suspending medium. 
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SEMIPERMEABLE MICROCAPSULES AND STANDARD DIALYSEXS 

S e l e c t i v e  s e p a r a t i o n  of a s p e c i f i c  group of molecules from a complex 

suspension 

I n  p a t i e n t s  wi th  kidney f a i l u r e ,  t h e  i n a b i l i t y  t o  e x c r e t e  

waste m e t a b o l i t e s  r e s u l t s  i n  t h e  accumulation of waste m e t a b o l i t e s  

t o  t o x i c  l e v e l s .  It  is n o t  t h e  purpose of t h i s  paper  t o  d i s c u s s  

t h e  e x a c t  t o x i n s  i n  uremia, n o r  is i t  t h e  purpose of t h i s  paper  t o  

d i s c u s s  t h e  type  of m e t a b o l i t e s  t h a t  need t o  b e  removed. I n  t h e  

p a s t  y e a r ,  t h e r e  has  been some evidence t h a t  of a l l  t h e  accumulated 

waste m e t a b o l i t e s ,  a group of molecules i n  t h e  300 - 1300 molecular  

weight range  appear  t o  c o n t r i b u t e  g r e a t l y  t o  c e r t a i n  symptoms and 

problems i n  t h e  p a t i e n t s .  There i s  a l s o  evidence t o  i n d i c a t e  t h a t  

t h e  e f f i c i e n c y  of  removal of t h i s  group of molecules appears  t o  be 

c o r r e l a t e d  w i t h  p a t i e n t s  improvement. 

The s tandard  method of  t r e a t i n g  chronic  r e n a l  f a i l u r e  involves  

t h e  use of t h e  s tandard  d i a l y s e r s  t o  remove permeant molecules from 

t h e  c i r c u l a t i n g  blood. The s t a n d a r d  d i a l y s e r s ,  as w e  have descr ibed  

earlier, u s u a l l y  have a s u r f a c e  area of  1 m' and a membrane th ick-  

ness  of 20 microns. As such,  t h e  permeabi l i ty  t o  molecules is 

l i m i t e d ,  e s p e c i a l l y  w i t h  molecules of i n c r e a s i n g  molecular  weights .  

If one.draws a graph of t h e  e f f i c i e n c y  of t h e  s t a n d a r d  d i a l y s e r  

f o r  removing molecules of  d i f f e r e n t  molecular  weight ,  i t  can b e  

seen  (F igure  6 ) t h a t  t h e  e f f i c i e n c y  decreases  r a p i d l y  w i t h  i n c r e a s e  

i n  molecular  weight ,  s o  t h a t  i n  t h e  molecular  weight  range of 

300 - 1300, t h e  s t a n d a r d  d i a l y s e r  is q u i t e  i n e f f i c i e n t .  This  may 

e x p l a i n  why i t  is necessary  t o  treat t h e  p a t i e n t  8 hours ,  3 t i m e s  

a week when u s i n g  t h e  s t a n d a r d  d i a l y s e r s .  Furthermore, as can be 

seen  from t h e  graph,  i n  o r d e r  t o  remove a s u f f i c i e n t  amount of the  

b i g g e r  molecules ,  one h a s  t o  remove a much l a r g e  amount of t h e  

smaller molecules ,  some of which, l i k e  amino a c i d s ,  might b e  

e s s e n t i a l  t o  t h e  body. 

It would t h e r e f o r e  be i d e a l  t o  have a system which could 

s e l e c t i v e l y  remove t h e  s p e c i f i c  group of molecules i n  t h e  300 - 
1300 molecular  weight range.  Microencapsulat ion of a c t i v a t e d  

charcoa l  w i t h i n  biocompatible  membranes has  been used i n  p a t i e n t s  
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f o r  t h i s  purpose ( 1 2 ,  13 ,  1 4 ) .  The u l t r a t h i n  membrane and t h e  h igh  

t r a n s p o r t  rate a l low t h e  microcapsule  a r t i f i c i a l  kidney (300 ml) 

t o  f u n c t i o n  a t  h igh  e f f i c i e n c y  f o r  t h e  removal of molecules between 

300 - 1300 molecular weight range .  The molecules d i f f u s i n g  r a p i d l y  

i n t o  t h e  microcapsules  are adsorbed by t h e  a c t i v a t e d  charcoa l  and 

thus  a l low f o r  t h e  cont inuous removal of t h e  middle molecules .  

The r e s u l t  i s  shown i n  Figure 6 . I n  a d d i t i o n  t o  t h i s ,  t h e  micro- 

encapsula ted  a c t i v a t e d  charcoa l  has  some s e l e c t i v e  adsorbent  

c h a r a c t e r i s t i c s  s o  t h a t  i t  does n o t  adsorb e l e c t r o l y t e s  o r  amino 

a c i d s .  The biocompatible  membranes a l s o  prevent  t h e  removal of 

blood cel ls  such as p l a t e l e t s .  As a r e s u l t ,  t h e  removal of the  

middle molecules is f a i r l y  s e l e c t i v e .  Comparison of t h e  e f f i c i e n c y  

of  t h e  s tandard  d i a l y s e r s  and t h a t  of t h e  semipermeable microcap- 

MOLECULAR WEIGHT 

FIGURE 6 

The comparative e f f i c i e n c y  of t h e  removal of s o l u t  s w i t h  d i f f e r e n t  
molecular  weights .  Comparison of t h e  s t a n d a r d  1 m' d i a l y s e r  w i t h  
the microcapsule  a r t i f i c i a l  kidney.  
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SEMIPERMEABLE MICROCAPSULES ANTI STANDARD DIALYSERS 

s u l e s  f o r  t h e  removal of  t h e  middle molecules s e r v e s  t o  e x p l a i n  

why t rea tment  us ing  t h e  microcapsule  kidney r e q u i r e s  less than  113 

t h e  time needed f o r  t h e  s tandard  d i a l y s e r s  (F igure  6 ). 

S e l e c t i v e  conversion of a s p e c i f i c  s u b s t r a t e  i n  a complex system 

I n  t h e  above two examples, t h e  removal of  molecules from a 

complex suspension i s  f a i r l y  s e l e c t i v e .  

s e p a r a t i o n  procedure would be us ing  Semipermeable microcapsules  

c o n t a i n i n g  enzymes. 

s i n c e  one enzyme system can b e  used t o  act  s e l e c t i v e l y  on t h e  

conversion of on ly  one d i a l y s a b l e  s u b s t r a t e  i n  a very  complex 

suspension o r  s o l u t i o n .  A s  an  example of t h i s  a p p l i c a t i o n ,  l e t  us 

take  a complex system i n  the  form of a n  experimental  animal .  I f  

one wants t o  s e l e c t i v e l y  remove o r  conver t  one s u b s t r a t e  from a 

l i v i n g  animal ,  how can one go about  doing t h i s ?  One can i n j e c t  an  

enzyme s o l u t i o n  i n t o  t h e  body, thereby conver t ing  s e l e c t i v e l y  t h e  

s u b s t r a t e  d i r e c t l y  and q u i t e  e f f i c i e n t l y .  However, t h e  i n t r o -  

duc t ion  of a f o r e i g n  p r o t e i n  enzyme i n t o  t h e  body, sometimes 

creates problems, l i k e  a l l e r g i c  r e a c t i o n s .  Furthermore, once 

i n j e c t e d ,  t h e  enzyme could be quick ly  removed by v a r i o u s  systems 

i n  t h e  body which normally remove f o r e i g n  p r o t e i n s  and thus  

removing t h e  a c t i v i t y  very quick ly .  

i n j e c t i o n  of t h e  enzyme, t h e  body would r e a c t  t o  t h e  f o r e i g n  

p r o t e i n  by t h e  product ion  of a n t i b o d i e s  which would i n a c t i v a t e  

subsequent ly  i n j e c t e d  enzymes. On t h e  o t h e r  hand, i f  an  enzyme 

is  placed i n s i d e  semipermeable microcapsules  (F igure  5 1, then  a t  

no time is t h e  enzyme i n  d i r e c t  c o n t a c t  wi th  t h e  body and t h u s  

cannot produce a l l e r g i c  r e a c t i o n .  Furthermore, t h e  enzyme i n  t h e  

microcapsules  cannot be d i r e c t l y  removed by systems i n  t h e  body 

t h a t  remove f o r e i g n  p r o t e i n s .  S ince  t h e  enzyme is  enclosed w i t h i n  

t h e  semipermeable microcapsules ,  i f  t h e r e  are any a n t i b o d i e s  pres -  

e n t  i n  t h e  body f l u i d s ,  they cannot e n t e r  t h e  microcapsules  t o  

i n a c t i v a t e  t h e  enzyme. However, t h e  s u b s t r a t e  can e q u i l i b r a t e  

r a p i d l y  a c r o s s  t h e  membrane t o  be a c t e d  on by t h e  microencapsulated 

enzyme. 

A much more s e l e c t i v e  

Here t h e  s e l e c t i v i t y  can be extremely r e f i n e d  

Furthermore, w i t h  repea ted  

S t u d i e s  have been c a r r i e d  o u t  showing t h a t  semipermeable 
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microcapsules conta in ing  var ious  types of enzyme can a c t  e f f i c i e n t -  

l y  i n  converting body s u b s t r a t e s  (1,Z). Thus, urease has been used 

t o  s e l e c t i v e l y  convert  urea i n  the  body (1,Z) whi le  microencapsu- 

l a t e d  asparaginase i s  used Go s e l e c t i v e l y  convert  asparagine i n  the  

body (2,15,16). Microencapsulated c a t a l a s e  have a l s o  been used 

t o  s e l e c t i v e l y  convert  peroxide i n  t h e  body of experimental 

animals (2,17,18). I n  a l l  t hese  cases ,  the  s u b s t r a t e  i s  converted 

t o  a product which is allowed t o  recyc le  i n  the  body. I n  many 

cases ,  t h i s  is what is  des i r ed ,  bu t  i n  o ther  cases ,  i t  may be 

necessary to  remove t h e  product of t h e  enzymatic r eac t ion .  

Se lec t ive  removal of a s p e c i f i c  s u b s t r a t e  and i t s  enzymatic product 

I n  cases  where i t  i s  des i red  t o  convert a s p e c i f i c  s u b s t r a t e  

and a t  the  same time remove i t s  enzymatic product,  one can micro- 

encapsulate a combination of enzymes and adsorbents f o r  t he  

enzymatic product (2,3). In t h i s  way, the  product produced by t h e  

enzymatic conversion of t he  s u b s t r a t e  i s  adsorbed i n  the  microcap- 

s u l e .  A t y p i c a l  example of t h i s  i s  the  experiment i n  which 

microencapsulated urease and ammonia adsorbent a r e  used. 

d i f f u s i n g  i n t o  the  microcapsules i s  converted by t h e  encapsulated 

urease i n t o  ammonia and the  ammonia produced i s  then adsorbed by 

the  ammonia adsorbent. The n e t  e f f e c t  i s  the  removal of a s p e c i f i c  

s u b s t r a t e ,  urea.  Other examples of t h i s  combination approach are 
a l s o  poss ib le .  

Urea 

DISCUSSION AND GENERAL SUMMARY 
The examples given above mostly involve using one of t h e  most 

complicated systems is  i l l u s t r a t e  the  f e a s i b i l i t y  of the  new 

microdia lys i s  system. The semipermeable microcapsules would be most 

e f f e c t i v e  i n  the  s p e c i a l  examples mentioned where the  suspending 

medium f o r  s epa ra t ion  is  extremely complex. However, t he re  a r e  
o ther  condi t ions  where the  s i t u a t i o n  is  less complex i n  which the  

semipermeable microcapsule system i s  a l s o  e f f e c t i v e .  I n  conclusion, 
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SEMIPERMEABLE MICROCAPSULES AND STANDARD DIALYSERS 

t h e  semipermeable microcapsule  system is a new d i a l y s i s  system of 

microscopic  dimenbions which h a s  a t r a n s p o r t  c a p a c i t y  many times 

g r e a t e r  than  t h e  s t a n d a r d  d i a l y s e r s .  

t h e  microcapsule  d i a l y s i s  system w i t h  enzymes o r  adsorbents  would 

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

The p o s s i b i l i t y  of combining 
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