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ROLE OF PHYSICAL FORCES I N  HYDROPHOBIC INTERACTION CHROMATOGRAPHY 

R. Srinivasan and E. Ruckenstein* 
Department of Chemical Engineering 

S t a t e  University of New York a t  Buffalo 
Buffalo, NY 14260 

(*Correspondence should be addressed t o  E. Ruckenstein) 

ABSTRACT 

Hydrophobic in t e rac t ion  chromatography (HIC) is a new non-bio- 

s p e c i f i c  l i q u i d  chromatography method f o r  t h e  separa t ion  of p ro te ins ,  

and o ther  b io logica l  macromolecules; t he  mobile phases a r e  aqueous 

and the  adsorbents are agarose beads coated with ionogenic, o r  non- 

ionogenic, hydrocarbonaceous l igands.  A non-tradit ional i n t e rp re t a -  

t i o n  is given here  f o r  t h e  mechanisms of r e t en t ion  and e l u t i o n  i n  

H I C  i n  terms of the  seve ra l  physical  forces  between the  p ro te in  and 

the  adsorbent, ch ie f ly  t h e  van der Waals a t t r a c t i o n  (comprising d is -  

persion, o r i en ta t ion  and induction) and the  e l e c t r o s t a t i c  double 

layer  i n t e rac t ion .  From a q u a l i t a t i v e  ana lys i s  of the hydrogen-bond 

and the  s t r u c t u r a l  f ea tu re s  of water, i t  is shown here  t h a t  t he  r o l e  

of t he  a lky l  l igands on the  adsorbent, the  lyo t rop ic  salt  e f f e c t s  

and t h e  e f f e c t  of addi t ives  t o  the  mobile phase such a s  ethylene 

glycol can a l l  be unifyingly represented i n  the  Hamaker coe f f i c i en t  

of the  van der Waals a t t r a c t i o n  between p ro te in  and adsorbent i n  

water. 

t he  addi t ion  of structure-making ("salting-out") s a l t s  a t  high i o n i c  

s t r eng ths  increase  the  lat ter a t t r a c t i o n  while the  addi t ion  of 

structure-breaking "salt ing-in" s a l t s  o r  organic so lvents  such a s  

ethylene g lycol  decreases t h e  a t t r a c t i o n .  The p o t e n t i a l s  correspon- 

ding t o  the  d i f f e r e n t  physical  forces  add up t o  the  t o t a l  in te rac-  

An increase  i n  t h e  number and length of a l k y l  l igands ,  and 
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268 SRINIVASAN AND RUCKENSTEIN 

t i o n  po ten t i a l .  

vant t o  H I C  are iden t i f i ed .  

t i o n  are shown t o  be r e l a t ed  t o  t h i s  po ten t i a l  and the  high 

s e n s i t i v i t y  of t he  l a t t e r  t o  i t s  parameters such as the  Hamaker 

coe f f i c i en t ,  is i l l u s t r a t e d .  Retention, e lu t ion  and the  na tures  of 

the  d i f f e r e n t  f r ac t ions  i n t o  which a pro te in  mixture may be separa- 

t e d  by H I C  a r e  v isua l ized  i n  terms of the  in t e rac t ion  po ten t i a l .  

The shapes of the  t o t a l  i n t e rac t ion  p o t e n t i a l  rele- 

Coeff ic ien ts  of adsorption and desorp- 

Numerous experimental r epor t s  i n  H I C  are c l a s s i f i e d ,  t abula ted ,  

and i n  c e r t a i n  cases,  discussed i n  d e t a i l .  Experimental evidence i s  
presented f o r  t he  appl ica t ion  of i on ic  s t r eng th  manipulations, i n  

t he  low ion ic  s t rength  range ( e l e c t r o s t a t i c  e f f e c t s ) ,  in t he  high 

ion ic  s t rength  range ( lyo t ropic  sal t  e f f e c t s )  as  w e l l  as f o r  t he  

combined use of low and high i o n i c  s t r eng th  e f f e c t s ,  r e t en t ion  onto 

adsorbents with no l igands  a s  w e l l  as onto adsorbents with a lky l  

l igands of various chain lengths and number d e n s i t i e s ,  temperature 

e f f e c t s ,  and the  e f f e c t s  of he te rogenei t ies  of pro te ins  and adsor- 

bents. Applications and va r i an t s  of H I C  a r e  c i t e d ,  In  t o t a l ,  t he  

paper summarizes various types of H I C  experimental f a c t s  and ex- 

p l a ins  most of them i n  a simple, unifying fashion. 
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270 SRINIVASAN AND RUCKENSTEIN 

1. INTRODUCTION 

Tradi t iona l ly ,  p ro te ins  and o ther  b io log ica l  macromolecules 

have been separated by ion-exchange, gel-permeation o r  a f f i n i t y  

chromatrography. A recent addi t ion  t o  t h i s  list of liquid-chromato- 

graphy methods employs aqueous so lu t ions  and adsorbents which con- 

sist of polysaccharide matrices carrying hydrocarbonaceous l igands.  

Retention is not b io-spec i f ic  and is a func t ion  of physiochemical 

var iab les  such as pH, ion ic  s t r eng th  and the  content of organic so l -  

vents i n  t h e  mobile phase. Experimental research on t h i s  method 

has been reviewed by Ochoa' and others2-'. The consensus i n  the  

l i t e r a t u r e  is t h a t  a major cont r ibu t ion  t o  r e t en t ion  i n  t h i s  

chromatography comes from the  "hydrophobic in te rac t ion"  between the  

s o l u t e  and the  hydrocarbonaceous l igands on the  adsorbent. This i s  

r e f l ec t ed  i n  the  name hydrophobic in t e rac t ion  chromatography (here- 

a f t e r  abbreviated as  HIC) by which the  method i s  known. 
Hydrophobic in t e rac t ion  is a term f o r  the  assoc ia t ion  of non- 

E a r l i e r  theories8-13 v isua l ized  polar  e n t i t i e s  i n  aqueous media. 

t h i s  i n t e rac t ion  as follows: When a nonpolar s o l u t e  i s  introduced 

i n  water, adjacent water molecules form an ice- l ike  s t r u c t u r e  t h a t  

is more ordered than the  s t r u c t u r e  of water. The reduction i n  

entropy corresponding t o  t h i s  "ice-berg" formation makes a dominant 

contribution t o  t h e  f r e e  energy change and hence renders t he  dissolu- 

t i o n  unfavorable. Hence, t he  assoc ia t ion  of nonpolar so lu t e s  i n  

water has been seen as an en t rop ica l ly  driven process t h a t  r e s u l t s  

i n  contact of the  e n t i t i e s  with complete elimination of t he  in t e r -  

vening water. 
Recent computer-simulation s tudies14 ,  however, i nd ica t e  t h a t  

the  prefer red  configuration of two associated nonpolar molecules 

contains a water molecule i n  between them. In addi t ion ,  from a 

thermodynamic ana lys i s  of the  s o l u b i l i t y  of hydrocarbons i n  water, . 
Shinoda 15'16 ar r ived  a t  conclusions d i f f e r e n t  from the  above: When 

an apolar so lu t e  is introduced i n  water, t he  breakage of hydrogen- 

bonds of water t h a t  occurs r e s u l t s  i n  a p o s i t i v e  enthalpy change. 

"Ice-berg" formation r e s u l t s  i n  a considerable negative entropy 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 271  

change as w e l l  as a nega t ive  enthalpy change, which l a rge ly  cancel 

each o ther .  Thus the  d i s so lu t ion  of nonpolar e n t i t i e s  i n  water i s  

e s s e n t i a l l y  en tha lp ic  and is  cont ro l led  by the  former e f f e c t  of hy- 

drogen-bond breaking. This implies t h a t  t he  a s soc ia t ion  of non- 

polar  e n t i t i e s  in water a l s o  i s  en tha lp i ca l ly  driven. The l a t t e r  

view is cons is ten t  with earlier theo r i e s  17'18 which stress t h e  

importance of t he  energy of forming a cavi ty  i n  the  l i q u i d  t o  

accommodate t h e  so lu t e ,  t o  t h e  d i s so lu t ion  process a s  w e l l  as t o  the  

in t e rac t ion  between e n t i t i e s  i n  a solvent.  

In  t h e  present  paper, t h e  t r a d i t i o n a l  view of the  hydrophobic 

in t e rac t ion  i s  not  made use of.  

t he  outcome of an adsorption-desorption process due t o  t h e  in t e rp l ay  

of s eve ra l  phys ica l  fo rces ,  e spec ia l ly  van de r  Waals a t t r a c t i o n .  

(Although the  van der  Waals a t t r a c t i o n  between small molecules i s  

shor t  range, between macromolecules and the  macroscopic adsorbent,  

i t  a t t a i n s  a long range e f fec t iveness  due t o  the  cooperation of 

numerous intermolecular van de r  Waals in t e rac t ions  '',*'.) 

spec ia l  r o l e  played by t h e  mobile phase i s  recognized and an i n t e r -  

p re t a t ion  i s  presented here  f o r  t h e  way i n  which t h e  van de r  Waals 
forces  between pro te in  and adsorbent are af fec ted  by the  in te rvening  

solvent-medium. 

Chromatographic r e t e n t i o n  is seen as 

The 

A s  i s  well-known, van d e r  Waals i n t e rac t ions  are of t h r e e  

kinds: namely, d i spers ion ,  o r i en ta t ion ,  and induction. The disper- 

s ion  in t e rac t ions  among water molecules are, i n  genera l ,  weaker than 

those among nonpolar molecules68b. 

however, are much s t ronge r  i n  water as a r e s u l t  of t h e  highly 

ordered s t r u c t u r e  of water. This is shown t o  lead t o  the  van der  

Waals a t t r a c t i o n  between nonpolar e n t i t i e s  being s t ronge r  i n  water 

than i n  a nonpolar medium. Hence, p ro t e ins ,  s i g n i f i c a n t  ex ten t s  of 

t h e i r  content being nonpolar, are a t t r a c t e d  by a nonpolar, hydro- 

carbon-coated adsorbent when water i s  the  mobile phase. An increase  

i n  the s t r u c t u r a l  o rder  of the  aqueous medium (by the addi t ion  of 

"salting-out" salts such as NaC1) enhances the  van de r  Waals a t t r a c -  

t i o n  between p ro te in  and adsorbent across  the  medium. S imi la r ly ,  a 

The o r i en ta t ion  and induction, 
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272 SRINIVASAN AND RUCKENSTEIN 

breakdown of t h i s  s t r u c t u r e  (by the  addi t ion  of "salt ing-in" salts 

such a s  NaSCN o r  organic so lvents  such as ethylene g lycol )  reduces 

t h e  a t t r a c t i o n  between p ro te in  and adsorbent. 

a l l  these  e f f e c t s ,  namely, t h e  r o l e  of the  a lky l  l igands on the  ad- 

sorbent,  l yo t rop ic  s a l t - e f f e c t s ,  and the  ac t ion  of organic so lvents ,  

are unifyingly r e f l e c t e d  i n  the  Hamaker coe f f i c i en t  f o r  t he  ( t o t a l )  
van der Waals a t t r a c t i o n  between p ro te in  and adsorbent across  the  

medium. 

In  the  present  paper, 

H I C  adsorbents and so lu t e s  are usua l ly  charged, and e s t a b l i s h  

e l e c t r i c a l  double l aye r s  around themselves by a t t r a c t i n g  from solu- 

t i o n  ions which are oppositely charged r e l a t i v e  t o  t h e  su r face  

charge. Consequently, e l e c t r o s t a t i c  double l aye r  i n t e rac t ions  

arise, which are a t t r a c t i v e  o r  repuls ive  depending on the  s igns  of 

t he  ne t  charges on the  pro te in  and the  adsorbent. 

d i s tances  between the  sur faces  of the  la t ter ,  t he re  occur sho r t  

range repuls ive  forces  such as Born repulsion which arises from the  

overlap of molecular o r b i t a l s ,  and the  hydration repulsion which 

stems from the  d i f f i c u l t y  i n  e l imina t ing  water from t h e  hydration 

l aye r s  around polar  o r  charged groups on the  surfaces.  

A t  very small 

This paper seeks t o  expla in  the var ious  experimental observa- 

t i o n s  i n  HIC i n  a simple and uni ta ry  fashion, basing the  in te rpre-  

t a t i o n  on t h e  above-mentioned physical forces.  To understand the  

combined e f f e c t s  of t hese  forces ,  t he  approach would be s imi l a r  t o  

t h a t  of co l lo id  s t a b i l i t y  theory. While the  inf luences  of double 

l aye r  and van de r  Waals in t e rac t ions  have long been recognized i n  

quan t i t a t ive  accounts of co l lo id  

t h a t  they have been used i n  the  i n t e r p r e t a t i o n  of chromatographic 

separa t ions  23'26, 
et a l . ,  who computed t h e  t o t a l  i n t e rac t ion  po ten t i a l  comprising the  

van der  Waals, double-layer, and Born i n t e rac t ions ,  and analyzed 

t h e  implications which t h e  shape of t h i s  po ten t i a l  has f o r  deposi- 

t i on ,  adsorption, and desorption of globular p ro te ins ,  c e l l s ,  and 

c o l l o i d a l   particle^^^-^'. In t h i s  context,  it is noteworthy t h a t  

theor ies  of H I C ,  d i f f e r e n t  from t h e  present one, e x i s t  i n  the l i ter-  

i t  i s  only r ecen t ly  

The approach here  would be t h a t  of Ruckenstein, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1
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a ture .  

e a r l y  models of pro te in  ~ o l u b i l i t y ~ ~ ,  used a modified vers ion  of 

t he  Debye-HGckel theory ( fo r  pred ic t ing  a c t i v i t y  coe f f i c i en t s )  i n  

der iv ing  expressions f o r  the  equilibrium constant f o r  the  complex 

formation between pro te in  and adsorbent. Horvath, et  a l . ,  a r r ived  

a t  s imi l a r  expressions f o r  t he  equilibrium constant i n  a more funda- 

mental fashion, by applying Sinanoglu’s solvophobic theory t o  the  

chromatography of small  molecules 35y36 and proteins3’. 

expressions cons is t  of a term representing e l e c t r o s t a t i c  i n t e rac t ions  

(which depend on the  ion ic  s t r eng th  a s  i n  the  Debye-Hickel theory) 

and a term f o r  non-e lec t ros ta t ic  i n t e rac t ions  (which is  l i n e a r  i n  

ion ic  s t rength) .  

Carbonell, e t  a l .  31’32, and Koller,  et  al .33,  following 

These 

The present i n t e rp re t a t ion  is  s imi l a r  t o  these  theo r i e s  i n  terms 

of t h e  na tu re  of the  mechanisms t h a t  are taken i n t o  account. 

while t h e  la t ter  a r e  of a thermodynamic f l avor ,  t he  present  in te rpre-  

t a t i o n  is  more a k i n e t i c  approach. 

Y e t ,  

This paper is organized i n  the following manner. I n i t i a l l y ,  

some s t r u c t u r a l  aspects of pro te ins  and H I C  adsorbents a r e  b r i e f l y  

reviewed. Subsequently, t he  in t e rac t ion  forces  a re  examined and 

expressions are given f o r  t he  in t e rac t ion  po ten t i a l s .  The e f f e c t  of 

changing c e r t a i n  proper t ies  of the  mobile phase (e.g., i o n i c  s t rength)  

are analyzed qua l i t a t ive ly .  Various shapes are poss ib le  f o r  the  way 

i n  which the  sum of t h e  in t e rac t ion  p o t e n t i a l s  depends on t h e  dis- 

tance between the  sur faces  of the  adsorbate and the  adsorbent. The 

t o t a l  i n t e rac t ion  p o t e n t i a l  p r o f i l e s  re levant  t o  H I C  a r e  i d e n t i f i e d .  

Coef f ic ien ts  f o r  adsorption and desorption are shown t o  depend on 

the t o t a l  i n t e rac t ion  p o t e n t i a l  p r o f i l e .  

la t ter  t o  i t s  parameters i s  shown by c i t i n g  the  r e s u l t s  of a para- 

me t r i c  study. 

t i o n  and e l u t i o n  i n  terms of t h e  various po ten t i a l  p r o f i l e s .  

The s e n s i t i v i t y  of t h e  

A v i sua l i za t ion  is  presented of chromatographic reten- 

Experimental evidence i s  presented i n  seve ra l  ca tegor ies ,  

basing the  c l a s s i f i c a t i o n  on the  parameter c e n t r a l  t o  each experi- 

ment. For example, some experiments concern the  e f f e c t  of the  a lky l  

chain length of the  l igands  on r e t en t ion ,  while o thers  concern 
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274 SRINIVASAN AND RUCKENSTEIN 

lyo t ropic  salt  e f f e c t s  and s o  on. While most of t he  experimental 

f a c t s  a r e  l i s t e d  i n  t abu la r  form, some are discussed i n  d e t a i l  i n  

t he  l i g h t  of the  present i n t e rp re t a t ion .  

In  t o t a l ,  t he  paper se rves  a two-fold purpose, It reviews many 

experimental r epor t s  on H I C ,  i n  some d e t a i l .  

simple and unifying i n t e r p r e t a t i o n  of the  various H I C  experimental 

f ac t s .  

chromatography. 

It a l s o  provides a 

Thus, H I C  is placed in perspective with o ther  types of 

2 .  H I C  ADSORBENTS AND SOLUTES 

A. Adsorbents 

In general ,  H I C  adsorbents cons is t  of a hydrophilic,  water in- 

so luble  matrix onto which hydrocarbonaceous l igands  are attached. 

The matrix is t yp ica l ly  (with a few exceptions ) a poly- 38-40 

saccharide such as agarose. I n  most cases,  t he  matrix is ac t iva t ed  

by treatment with cyanogen bromide41 42. 
t h a t  possess one o r  two amino g r ~ u p s ~ ’ ~ , o r  amino ac ids  43’44 a r e  then 

coupled t o  the  ac t iva t ed  matrix. 

f i e d  by treatments such a s  a ~ e t y l a t i o n ~ ~ ’ ~ ~ .  

bent acquires charges through t h e  d i s soc ia t ion  of bas i c  NH2 groups 

(pKb 9.5) and a c i d i c  COOH groups i f  any (pKa = 4.6). The agarose 

matrix i t s e l f  is known t o  car ry  negative charges47 and CNBr activa- 

t i o n  introduces p o s i t i v e  charges . 

Ligands such a s  alkylamines 

The l igands may be fu r the r  modi- 

This type of adsor- 

48 

In o ther  H I C  adsorbents, t he  chances of t he  adsorbent being 

charged are minimized by e i t h e r  (a) avoiding C N B r  ac t iva t ion  and 

coupling nonionogenic e the r s  o r  alcohols 49-51 o r  (b) coupling a lky l  

hydrazides (pKb = 4) t o  CNBr ac t iva t ed  agarose, thus ensuring t h a t  

t he  adsorbent w i l l  be uncharged a t  neu t r a l  pH 

have been made n e u t r a l  a l s o  by means of ace ty l a t ion  . 
52 . Charged adsorbents 

45 
1 6 Ochoa and Yon have tabula ted  seve ra l  types of H I C  adsorbents. 

B. The Biological Macromolecule 

The t r a n s f e r  of a nonpolar molecule from water t o  a nonpolar 
8 environment is accompanied by a negative f r e e  energy change . 

Therefore, t he  nonpolar s ide  chains are l i k e l y  t o  s t a y  i n  t h e  i n t e r -  
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 275 

i o r  of t he  three-dimensional s t r u c t u r e  of a p ro te in  molecule, where- 

a s  t he  hydrophilic po la r  o r  charged groups would p r e f e r  t o  s t a y  out- 

s i d e ,  when t h e  environment is  aqueous. 

ma te r i a l i ze  o r  not i s  answered by x-ray crystallography. P ro te in  

c r y s t a l s  a r e  heavi ly  hydrated with approximately h a l f  of t h e i r  vol- 

umes occupied by water. 
53 pected t o  be s i m i l a r  i n  c r y s t a l  as i n  aqueous so lu t ion  . While x- 

ray crystallography genera l ly  confirms t h e  ex te rna l  l oca t ion  of most 

of t he  po la r  and charged s i d e  chains,  t he  complementary expec ta t ion  

t h a t  a l l  t h e  nonpolar s i d e  chains a r e  buried i n  t h e  i n t e r i o r ,  hasbeen  

discounted. L e e  and Richards", from a survey of s i n g l e  c r y s t a l  x- 

ray d i f f r a c t i o n  da ta  on p ro te ins ,  concluded t h a t  about 40 t o  50% of 

t h e  access ib l e  sur face  a rea  of p ro te ins  i s  nonpolar. Klotz 

a r r ived  a t  a similar conclusion. Accordingly, t he  ex ten t  t o  which 

the  access ib l e  su r face  of a p ro te in  is  nonpolar, termed "surface- 

hydrophobicity" of t h e  p ro te in ,  i s  non-negligible. Estimating t h e  

surface-hydrophobicity as w e l l  as t h e  t o t a l  nonpolar content of pro- 

t e i n s  has been t h e  a i m  of s eve ra l  i nves t iga t ions  

Whether such tendencies 

Thus, t h e  ambience and s t r u c t u r e  a r e  ex- 

55 

37,56-58 

A p ro te in  t h a t  i s  endowed with a l a r g e  number of nonpolar resi- 

ues on i ts  access ib l e  sur face  has an appreciable surface-hydrophobi- 

c i t y .  Natura l ly ,  some p ro te ins  (e.g., membrane p ro te ins )  are more 

hydrophobic than o the r s  (e.g., serum p ro te ins ) .  In t h i s  contex t ,  

i t  is  noteworthy t h a t  p ro t e ins  as a class are much less hydrophobic 

than inorganic co l lo ids  such as metal  o r  oxide Sols, and hence, a r e  

known a s  "hydrophilic co l lo ids" .  

3. THE INTERACTION FORCES 

A. The van de r  Waals In t e rac t ion  

The incessant  motion of e l ec t rons  c rea t e s  an instantaneous 

d ipole  moment i n  each atom of any mater ia l .  

d ipole  moment genera tes  an e l e c t r i c  f i e l d  which po la r i zes  another 

atom inducing i n  it a d ipole  moment. 

two d ipoles  r e s u l t s  i n  t h e  d ispers ion  o r  London a t t r a c t i o n  between 

t h e  two atoms 59y60.  

Such an instantaneous 

The i n t e r a c t i o n  between these  

This is  one i n  a set of van d e r  Waals in te rac-  
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276 SRINIVASAN AND RUCKENSTEIN 

t ions .  

tween permanent d ipoles ,  i f  any, of d i f f e r e n t  molecules, and t h e  in- 

duction o r  Debye in t e rac t ionb2  between t h e  permanent d ipole  of a 

molecule with an induced d ipole ,  caused by i t  i n  another molecule. 

In general ,  t he  d ispers ion  e f f e c t  i s  s t ronger  than the  o ther  two, ex- 

cept between molecules of highly polar  mater ia l s  such as water. 

Waals a t t r a c t i o n  between water molecules 6 3 9 6 4  and a r e  experimentally 
and theo re t i ca l ly  d i f f i c u l t  no t  t o  be considered a s  t he  major compon- 

65 en t s  of hydrogen-bonding . Table I lists the  approximate contribu- 

t i ons  of various kinds of i n t e rac t ions  t o  the hydrogen-bond, as 

estimated by Coulson . Noting t h a t  both covalent i n t e rac t ion  (-8.0 

kcal/mol) and overlap repulsion (+8 .4  kcal/mol) a r e  contact in te rac-  

t i ons ,  i t  can be in fe r r ed  from Table I t h a t  they more o r  less cancel 

each o ther  out. Thus, i t  can be concluded t h a t  o r i en ta t ion  and in- 

duction form the  major long-range components of t he  hydrogen bond. 
6 3  

The o thers  a r e  t h e  o r i en ta t ion  o r  Keesom interactionb1 be- 

Orientation and induction account f o r  about 80% of the  van der 

66 

The London in t e rac t ion ,  t o  a good approximation, is add i t ive  . 
Hence, when macromolecules o r  l a r g e  bodies a r e  i n  London-van der  Waals 

in t e rac t ion ,  one should consider an atom of one body i n t e r a c t i n g  wi th  

one of the  o ther ,  and do t h i s  p a i r  by p a i r  i n  an add i t ive  fashion. 

Thus, although the  London in t e rac t ion  p o t e n t i a l  between small mole- 

cu les  decays with t h e  s i x t h  power of intermolecular d i s tance ,  be- 
tween l a r g e r  bodies, it a t t a i n s  a longer range i n  e f fec t iveness  due 

TABLE I 

Contribution of Various Intermolecular In t e rac t ions  
66 t o  t he  Hydrogen Bond, as estimated by Coulson 

In t e rac t ion  Energy i n  kcal/mol 

Dispersion - 3  
E l e c t r o s t a t i c  ( i . e .  , 
or i en ta t ion  + induction) -6 

Delocalization (Covalent) -8 

Overlap Repulsion +8.4 

Overall  Energy of t h e  H-Bond - 8 . 6  
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 277 

t o  the  cooperation of numerous intermolecular d i spers ion  interac- 

t ions .  For example, i t  has been ind ica ted  t h a t  between p a r t i c l e s  of 

c o l l o i d a l  sols, t h e  d ispers ion  in t e rac t ion  may be e f f e c t i v e  f o r  

d i s tances  of t h e  order of c o l l o i d a l  dimensions . Orienta t ion  and 

induction e f f e c t s ,  however, a r e  not  add i t ive ,  due t o  t h e i r  v e c t o r i a l  

na ture  . Nevertheless, they a r e  of considerable importance when 

water is the  medium across  which the  in t e rac t ions  take  place.  In 

t h e  present  ana lys i s ,  a l l  t h ree  kinds of van der  Waals i n t e rac t ions  

are taken i n t o  account as would be described shor t ly ,  i n  a manner 
68a suggested by N i r  . 

19 

67 

The p o t e n t i a l  of t h e  van der  Waals i n t e rac t ion  between bodies 

of materials 1 and 2 across  a medium 3 is given by t h e  product of a 

geometric term t h a t  i s  influenced by the  s i z e  and shape of each 

body , and a "Hamaker coe f f i c i en t "  A132 t h a t  r e f l e c t s  t he  chemical 

na tures  of t he  ma te r i a l s  1 and 2 and the  medium 3. A132 is given by 

A132 = A12 + A33 - A13 - A23' (1) 

where A is t h e  Hamaker coe f f i c i en t  f o r  the van de r  Waals a t t r ac -  

t i o n  of mater ia l s  i and j across  a vacuum. (N.B.: A list of 

nomenclature i s  provided a t  t h e  end of the paper.) 

estimated by dividing i t  i n t o  cont r ibu t ions  from dispers ion ,  and 

o r i en ta t ion  and induction, i .e.,  

i j  

A132 can be 

A132 - - x,,, (dispersion) + A132 (or ien ta t ion  + induction).  (2a) 
68a Equation (2a) can be rewr i t ten  as suggested by N i r  a s ,  

where t h e  term i n  cur ly  brackets denotes the  cont r ibu t ion  from dis- 

persion t o  A132; xij denotes t h e  dispersion component of Hamaker 

coe f f i c i en t  Aij (defined above) and can be estimated from spectro- 

scopic da ta  68ay68b. The s t a t i c  d i e l e c t r i c  pe rmi t t i v i ty  ( d i e l e c t r i c  

constant)  of medium i i s  denoted by Ei and t h e  term involving Ei i n  

Eq. 2b represents  t he  cont r ibu t ion  from o r i en ta t ion  and induction t o  

A132. Table I1 lists a few examples f o r  such an es t imat ion  of A132. 
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278 SRINIVASAN AND RUCKENSTEIN 

TABLE I1 

Estimated68b Values f o r  t h e  Hamaker C o e f f i c i e n t  A132 - Examples 
( i n  u n i t s  of 10-l~ e r g s )  

O r i e n t a t i o n  
4- T o t a l  

Material Medium Material 
1 3 2 Dispersion induct  i o n  

Carbon d i  
s u l f i d e  

Carbon d i  
s u l f i d e  

Pentane 

Hexane 

Heptane 

Octane 

Nonane 

Decane 

Bovine 
Albumin 

Decane 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Carbon d i  
s u l f i d e  

Carbon d i  
s u l f i d e  
Bovine 
Albumin 

Bovine 
Albumin 

Bovine 
Albumin 

Bovine 
Albumin 

Bovine 
Albumin 

Bovine 
Albumin 

Bovine 
Albumin 

4.023 

9.863 

1.940 

2.689 

3.272 

3.688 

4.104 

4.354 

7.728 

0.011 

2.769 

2.293 

2.290 

2.284 

2.284 

2.284 

2.282 

1.858 

4.034 

12.631 

4.234 

4.979 

5.556 

5.972 

6.388 

6.636 

9.585 

For  t h e  i n t e r a c t i o n  of two bodies  of t h e  same material 1 a c r o s s  a 

medium 3, Eq. 2b s i m p l i f i e s  t o  

when use  is made of t h e  B e r t h e l o t ’ s  r u l e ,  = 7. 
The cohesiveness  of t h e  l i q u i d  medium 3, which is r e f l e c t e d  i n  

t h e  va lue  of t h e  i n t e r f a c i a l  t e n s i o n  a t  t h e  i n t e r f a c e  of t h e  medium 

wi th  a vacuum ( u s u a l l y  approximated by t h e  s u r f a c e  t e n s i o n  yQv of 

t h e  l iquid-vapor  i n t e r f a c e )  determines A33. 

s i o n  of water i n d i c a t e s  t h a t  A33 f o r  t h e  van d e r  Waals a t t r a c t i o n  

among water molecules is high. As discussed  earlier, a l a r g e  

i j  A i i  A i j  

The l a r g e  s u r f a c e  ten-  
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 279 

cont r ibu t ion  t o  stems from the  s t rong  o r i en ta t ion  and induction 

in t e rac t ions  among water molecules. In  t h i s  context,  i t  should be  

mentioned t h a t  the  ca l cu la t iona l  procedure on which Eq. 2b is  

based underestimates f o r  aqueous media, t he  cont r ibu t ion  from orien- 

t a t i o n  and induction t o  and hence, underestimates A,,. For 

example, i t  is known t h a t  t he  cont r ibu t ions  from dispers ion  and 

from in t e rac t ions  o ther  than d ispers ion  t o  t h e  sur face  tens ion  yllv 

of water a r e  approximately 22 dyneslcm and 50 dyneslcm, respective- 
70 

l y  . While one would expect a p a r a l l e l  d iv is ion  f o r  A3,, t he  s a i d  
ca l cu la t ions  p red ic t  t he  cont r ibu t ion  from dispers ion  t o  be  35 x 

ergs68b. 

ca l cu la t iona l  procedure does n o t  adequately take  i n t o  account t he  

importance of water s t r u c t u r e  and hydrogen-bonding (as discussed i n  

t h e  present paper) t o  A3,. 

v a l i d i t y  of t he  conclusions reached h e r e  s ince  the present  qua l i t a -  

t i v e  discussion does take  i n t o  account t he  r o l e  of water s t r u c t u r e  

and hydrogen-bonding. 

po lar  materials i n  water with t h a t  i n  a nonpolar medium. 

e rgs  and t h a t  from other  i n t e rac t ions  t o  be only 3 x 

This discrepancy probably r e s u l t s  from t h e  f a c t  t h a t  t he  

This,  however, does not a f f e c t  t he  

L e t  us now compare t h e  in t e rac t ion  of non- 

Water can i n t e r a c t  with nonpolar ma te r i a l s  only via dispers ion .  

Consequently, t h e  cont r ibu t ion  from o r i en ta t ion  and induction t o  A13 

and AZ3 would be negl ig ib le .  In  t h i s  s i t u a t i o n ,  i t  can be seen t h a t  

s t rong  o r i en ta t ion  and induction, being present i n  the  i n t e r a c t i o n s  
among water molecules, and being absent i n  t h e  in t e rac t ions  between 

water and nonpolar moecules, i n d i r e c t l y  enhance A132. Besides, t h e  

s t rength  of t he  d ispers ion  in t e rac t ions  among nonpolar molecules 

(xll o r  Tl2), when compared with t h a t  among water molecules (A,,), 
i s  much l a r g e r  (as i n  carbon d i su l f ide )  o r  a l i t t l e  l a r g e r  (as i n  

the  lower alkanes) 68ay68b. 

s i g n i f i c a n t  cont r ibu t ion  t o  A131 o r  A132 f o r  t he  i n t e r a c t i o n  of non- 
polar  materials i n  water, as can be checked by s e t t i n g  A,, - > I , ,  i n  

Eq. 2c. 

Consequently, d i spers ion  w i l l  make a 

In a medium less po la r  than water, o r i en ta t ion  and induction 

occur t o  a lesser ex ten t  than i n  water. ( In  f a c t ,  t hese  are absent 

i n  hydrocarbons.) Hence, the cont r ibu t ion  of these in t e rac t ions  t o  
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280 SRINIVASAN AND RUCKENSTEIN 

A132 o r  A131 i n  a nonpolar medium would be small (as  can be checked 

by s e t t i n g  cl Besides, the  d i f f e rence  between A,, 
o r  A,, and A,, w i l l  be lesser when the  medium is nonpolar than when 

the  medium is water, f o r  t he  in t e rac t ion  of nonpolar materials. 

Again, from Eq. 2c, it can be seen t h a t  t h e  d ispers ion  cont r ibu t ion  

t o  A131 (or A132) w i l l  be  smaller in  a nonpolar medium, compared 

c3 i n  Eq. 2c). 

with an aqueous one, 

In  t o t a l ,  two nonpolar materials 
Waals a t t r a c t i o n  with each o ther  when 

ium than when t h e  medium is nonpolar, 

values l i s t e d  i n  Table I1 (e.g., A131 

131 is about t h ree  times l a r g e r  than A 

decane) . 

w i l l  undergo a l a r g e r  van der  

water is t he  intervening med- 

This is supported by the  A131 

f o r  carbon d i s u l f i d e  i n  water 

f o r  carbon d i s u l f i d e  i n  

In  t h i s  context,  i t  is worthwhile t o  no te  t h a t  while A131 f o r  

t h e  in t e rac t ion  of two bodies of the  same material 1 across any 
medium 3 would always be  positive6’ as ind ica ted  by Eq. 2c, t he  

Hamaker coe f f i c i en t  f o r  t he  i n t e r a c t i o n  of d i s s imi l a r  materials can 

become negative when t h e  s t r eng th  of t he  van der  Waals i n t e rac t ions  

among t h e  molecules of t h e  medium l ies  between those of i n t e rac t ions  

among t h e  molecules of each material, i .e.,  

A13* < 0 when All A33 < A22 o r  All > A33 > A22 (3) 
68a,68b,71-75 This p o s s i b i l i t y  has been recognized earlier 

In order  t o  der ive  simple expressions f o r  t he  in t e rac t ion  

p o t e n t i a l s ,  t he  protein-HIC adsorbent system is represented here  

schematically as shown i n  Figure 1. The pro te in  and the  adsorbent 

matrix are approximated by a sphere and a semi- inf in i te  p l a t e ,  re- 
spec t ive ly .  The hydrocarbonaceous l igands  are construed as forming 

a f i l m - l i k e  coating on this p l a t e .  An expression f o r  t he  van der 

Waals i n t e r a c t i o n  between a sphere and a film-coated semi- inf in i te  

p l a t e  has been derived 26,69,76a as 

with the  function F given by 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 281 

FIGURE 1 

Schematic of t he  pro te in  - hydrophobic in t e rac t ion  chromatography 
adsorbent system. 

where 6 is  the  f i lm  th ickness ,  a is the  rad ius  of t h e  sphere,  and 

h i s  t h e  d is tance  between t h e  sur faces  of t h e  sphere and the  film. 

The subsc r ip t s  P and F denote the  p l a t e  and t h e  f i lm,  respec t ive ly .  

Thus, Ap32 is t h e  Hamaker coe f f i c i en t  of t h e  in t e rac t ion  between the  

sphere 2 and t h e  p l a t e  P across  the  medium 3, while AF32 i s  t h a t  f o r  

t he  in t e rac t ion  of t h e  sphere 2 with the  f i l m  F across  t h e  medium 3. 

Some comments regarding these  Hamaker coe f f i c i en t s  are i n  order. 

It was shown t h a t  nonpolar entities undergo s t rong  van 

a t t r a c t i o n  with each o ther ,  i n  water. Thus p ro te ins ,  with an 

appreciable number of nonpolar res idues  both on t h e  su r face  and i n  

t h e  i n t e r i o r  would be a t t r a c t e d  by t h e  nonpolar hydrocarbon-coated 

adsorbent when water is t h e  mobile phase. 

ever,  t h a t  the  adsorbate does not  necessar i ly  have t o  be highly non- 

polar  ( i . e . ,  "hydrophobic") t o  s u s t a i n  a s i g n i f i c a n t  van der  Waals 

a t t r a c t i o n  wi th  t h e  adsorbent. This is  s o  s ince  t h e  van de r  Waals 

a t t r a c t i o n  between a hydrophi l ic  material and a hydrophobic material 

P 

de r  Waals 

It should be noted, how- 
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282 SRINIVASAN AND RUCKENSTEIN 

across  water is  s i g n i f i c a n t ,  a l b e i t  weaker than the  corresponding 

in t e rac t ion  of two hydrophobic mater ia l s  75ay75b. That AF32 is 

l a rge r  than s32 follows as an a p o s t e r i o r i  inference from experimen- 

t a l  observations t h a t  p ro te ins  are, i n  general ,  re ta ined  more on 

hydrocarbon-coated agaroses r a the r  than on the  agarose matrix it- 

s e l f  ( a t  various i o n i c  s t r eng ths ) .  

s ec t ions ,  t hese  Hamaker coe f f i c i en t s  can be a l t e r e d  by changing the 

a lky l  chain length and t h e  number dens i ty  of t he  a lky l  l igands on 

t h e  adsorbent a s  w e l l  a s  by changing t h e  na tu re  of t he  aqueous med- 

ium ( v i a a d d i t i o n  of c e r t a i n  salts  and organic so lvents ) .  

As would be discussed i n  l a t e r  

It should be mentioned t h a t  d i spers ion  in t e rac t ions  begin t o  be 

re ta rded  a t  l a r g e  d is tances  between the  in t e rac t ing  bodies, due t o  

t h e  f i n i t e  ve loc i ty  of electro-magnetic waves . Since the  present  

paper concerns events t h a t  occur when the  sur faces  of the  pro te in  

and the  adsorbent are separated by d is tances  less than 100 A, t he  
r e t a rda t ion  e f f e c t s  need not  be taken i n t o  account. 

7 7  

0 

Li f sh i t z J8  has developed a theory of van de r  Waals i n t e rac t ions  

based on quantum electrodynamics. 

t h e  pred ic t ions  of t h e  Hamaker approach and t h e  L i f sh i t z  theory have 

been found t o  be c lose  t o  each o ther  68-72. 

proach is simpler i n  form, it has been adopted f o r  use i n  t h i s  paper. 

For d is tances  h less than 100 1, 

Since the  Hamaker ap- 

Further d e t a i l s  on van der  Waals i n t e rac t ions  can be found i n  
68b,72,79,80 the  many ex i s t ing  reviews 

B. E l e c t r o s t a t i c  Double Layer In t e rac t ions  

Solid sur faces  i n  contact with aqueous media can become 
81 e l e c t r i c a l l y  charged due t o  seve ra l  mechanisms . In  general ,  pro- 

t e i n s  and H I C  adsorbents acqui re  t h e i r  sur face  charges through the  

d i s soc ia t ion  of a c i d i c  and bas i c  sur face  si tes,  i f  any, 

t i ons  where ion ic  de te rgents  have been used t o  s o l u b i l i z e  t h e  

so lu t e s  (e.g., membrane p ro te ins ) ,  the  sur faces  can become charged 

by the  adsorption of su r fac t an t  ions.  

In s i t ua -  

An e l e c t r i c a l l y  charged sur face  a t t r a c t s  t o  its v i c i n i t y ,  ions 
t h a t  a r e  oppositely charged r e l a t i v e  t o  the  n e t  sur face  charge 

(counter-ions). Due t o  thermal motions, however, t he  'counter-ions 

tend t o  d r i f t  away t o  t h e  bulk where they are less concentrated. ks 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 283 

a r e s u l t  of these  opposing forces ,  t h e  d i s t r i b u t i o n  of counter-ions 

i n  the  l i q u i d  is d i f f u s e ,  resembling a cloud. The charged su r face  

and the  d i f f u s e  l aye r  of counter-ions cons t i t u t e  t h e  e l e c t r i c a l  dou- 

b l e  layer .  

1 / K ,  i s  known as t h e  "Debye length" o r  t he  "double-layer thickness" 

and i s  defined by 

A c h a r a c t e r i s t i c  length assoc ia ted  with the  double l aye r ,  

where the  so lu t ion  has I d i f f e r e n t  kinds of i ons ,  ni and zi being the  

bulk-concentration and valence,  respec t ive ly ,  of ions  of type i. 

E is  the  d i e l e c t r i c  constant of the  so lu t ion ,  e i s  the  charge of 

a proton, k is  t h e  Boltzmann constant and T i s  the  absolu te  tempera- 

t u r e  i n  degrees Kelvin. The quant i ty  i n  parenthes is  can be recog- 

nized as the  i o n i c  s t r eng th  1.1 of the  so lu t ion .  A s  t he  i o n i c  s t r eng th  

is ra i sed ,  K - ~  decreases,  i . e . ,  t h e  d i f fuse  l aye r  is  compressed 

towards t h e  surface.  

A s  two sur faces  carrying e l e c t r i c a l  double l aye r s  approach each 

o ther ,  when the  d i f fuse  l aye r s  begin t o  overlap,  t h e  counter-ion d is -  

t r i b u t i o n  is a l t e red .  The accompanying f r e e  energy change, with 

e l e c t r i c a l  as w e l l  a s  chemical components, manifests i t s e l f  as the  

double l a y e r  i n t e rac t ion .  This i n t e rac t ion  has been estimated 

assuming constant sur face  p o t e n t i a l s  82,83 o r  constant su r f ace  

charges84. 

arise from the  adsorption of ions ,  i f  the  approach of t he  l aye r s  is 

slow enough t o  allow equ i l ib ra t ion  of t he  counter ion  d i s t r i b u t i o n s .  

The lat ter is appropr ia te  when the  sur face  charges a r i s e  from the  

d i s soc ia t ion  of s t rongly  a c i d i c  o r  bas i c  sites. 

s i t u a t i o n ,  the  su r face  charges may o r ig ina t e  from t h e  d i s soc ia t ion  

of weakly ac id i c  o r  bas i c  groups and hence, n e i t h e r  su r face  poten- 

t i a l s  nor su r face  charges w i l l  s t r i c t l y  remain inva r i an t  as the  

sur faces  approach. 

derived as a function of pH as follows 

The former i s  appropriate when the sur face  charges 

In the  present  

I n  t h i s  genera l  case,  t he  sur face  charge can be  
2-6 , 2 7 . 

The d i s soc ia t ion  e q u i l i b r i a  are represented by 
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284 SRINIVASAN AND RUCKENSTEIN 

( 6 4  
Kai + 

+ k + 

GaiH(surface) G- (surface) + H (aqueous) 

i = 1,2,  ..., m 
a i  

a 

(6b) G H (surface) C G (surface) + H (aqueous) 
b j  b j  

j = 1 , 2 ,  ...,% 

Denoting by Nai (N 

(b j )  per  u n i t  a r ea ,  by Kai (Kbj) t he  corresponding d issoc ia t ion-  

equilibrium constant,  and by q u a n t i t i e s  i n  bracke ts  t h e  correspon- 

ding concentrations,  one has 

) t h e  t o t a l  number of su r face  sites of type  a i  
b j  

[Gai-l W+I = KaitGaiHl (7a) 

and 

(7b) 
+ 

rGbjlrH+l = \ j IGbjH 1, 
where 

wai-l + [Gap]  = N a i  (8a) 

and 

[Gbj 1 + rGbjH+l Nbj. (8b) 

The charge per un i t  area of t he  sur face ,  a ' ,  is propor t iona l  t o  the  

t o t a l  number of pos i t i ve ly  charged sites less t h e  t o t a l  number of 

negatively charged sites, i.e., 

Combining Eqs. 7 t o  9 and not ing  t h a t  when the  sur face  p o t e n t i a l  is 
$o,  t h e  hydrogen-ion concentration near the  su r face  [H ] is r e l a t e d  

t o  t h a t  in the  bulk [H 3, v i a  t h e  Boltzmann equation, 

+ 
+ 
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A t  a p a r t i c u l a r  pH i n  t h e  bulk, known as t h e  i s o e l e c t r i c  po in t  PI o r  

the  point of zero charge of t he  sur face ,  t h e  two terms on t h e  r i g h t  

hand s i d e  of Eq. 11 cancel each o ther  rendering t h e  ne t  sur face  

charge t o  be zero. 

negative and f o r  pH < PI, t h e  ne t  surface-charge i s  pos i t ive .  

For pH > PI, t h e  ne t  charge of t he  sur face  is 

A method has been described elsewhere 26,27 f o r  ca lcu la t ing  oDL, 
the  po ten t i a l  f o r  t h e  double l aye r  i n t e rac t ion  between a sphere and 

a semi-infinite p l a t e ,  with t h e  sur face  charge of each given by an 

expression such as Eq. 11. In  t h i s  general case, a closed form ex- 

pression f o r  $DL is  unavailable. 

ce r t a in  approximations are made. 

t i on  of a sphere ,  and a semi-infinite p l a t e ,  a t  constant sur face  poten- 
82,83 t ia ls  JIsl and J,s2 under ce r t a in  conditions,  is given by 

Such i s  poss ib le ,  however, when 

For example, $DL f o r  t h e  in te rac-  

kT zeJ, zeJ, 
$,(h) = 1 6 ~ ( &  a P tanh(3)tanh(+)exp(--kh) 4kT 

where z i s  the  valence of t h e  counter-ion, and K is defined by Eq. 5 .  

The adherence of p a r t i c l e s  which a r e  d i s s imi l a r  i n  s i z e  as w e l l  
as i n  e l e c t r i c a l  and chemical cha rac t e r i s t i c s  ( j u s t  as i n  

the  case of t h e  adsorption of pro te ins  onto H I C  adsorbents),  termed 
"heterocoagulation" by Derjaguin71 has f ea tu res  t h a t  are d i s t i n c t  

from t h e  coagulation of i d e n t i c a l   particle^^^-^'. 
of repulsive van der Waals forces ,  mentioned earlier, is one such 
fea ture .  S i tua t ions  have been iden t i f i ed  26 88 wherein t h e  double 

layer  i n t e rac t ion  between two e l e c t r i c a l l y  nonidentical  sur faces  can 

change over from repulsion t o  a t t r a c t i o n  o r  v ice  versa  as the  d is -  
tance between t h e  surfaces becomes smaller. 

shown that88 a strongly a c i d i c  p a r t i c l e  could be e f f ec t ive ly  pre- 

vented from deposit ing on a s t rongly  bas ic  co l l ec to r  by double l aye r  

repulsion, even though the  charges on the  two surfaces have opposite 

s igns ,  provided t h e  r a t i o  of the  two sur face  po ten t i a l s  a t  i n f i n i t e  

separation is s ign i f i can t ly  d i f f e r e n t  from -1. 

C. Short Range Repulsive Forces 

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

For example, i t  has been 

(a) S t e r i c  Repulsion. Adsorbed macromolecules have been known 
t o  generate a s t a b i l i z i n g  repulsion between p a r t i c l e s  of c o l l o i d a l  
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286 SRINIVASAN AND RUCKENSTEIN 

solsg0. 

o ther ,  as t h e  d is tance  between t h e  sur faces  becomes smaller than the  

extended l e n g t h s o f t h e  macromolecules, the  number of conformations 

permissible t o  the  macromolecules decreases. 

t i on  i n  entropy causes a repuls ion  between the  sur faces .  

the  overlap of t he  polymeric chains i s  tantamount t o  an increase  i n  

the  f r e e  energy (v i a  the  increase  i n  the  concentration of macromole- 

cu le s ) ,  This osmotic e f f e c t  a l s o  e n t a i l s  i n  a repulsion. S t e r i c  

repulsion f a l l s  o f f  rap id ly  with increasing d is tance  between the  

sur faces  and rises i n  proportion t o  the  chain length of t he  adsorbed 

molecules 91-93. The la t ter  dependence on chain length suggests t h a t  

the  short-range s t e r i c  repulsion is neg l ig ib l e  i n  H I C ,  because the  

l igands on the adsorbent a r e  too shor t  t o  behave l i k e  adsorbed 

macromolecules. S t e r i c  repulsion may become important, however, 

when the  adsorbent i s  covered by previously adsorbed pro te in .  

When two sur faces  carrying macromolecules approach each 

The accompanying reduc- 

Besides, 

(b) Hydration Repulsion. Around po la r  o r  charged sur faces  i n  

aqueous media, a t h i n  l aye r  of water is l i k e l y  t o  be held s t rongly  

through dipole-dipole 01: 

surfaces.  

quired t o  remove t h e  water of hydration manifests i t s e l f  as  a re- 
81 pulsion . This hydration repulsion has been t en ta t ive ly  assigned 

as  the  source of a s t rong  repuls ive  fo rce  between l e c i t h i n  b i l aye r s  

t h a t  has been experimentally d e t e ~ t e d ’ ~ - ’ ~ ;  t h e  repulsion approxi- 

mately decays exponentially with distance.  

ion-dipole in t e rac t ions  of water with t h e  

When two such sur faces  approach each o ther ,  the  work re- 

(c) Born Repulsion. The i n t e r a c t i n g  sur faces  experience a 

repulsion when they approach each o ther  within d is tances  of t h e  

order of atomic dimensions, due t o  the  f a c t  t h a t  t he  overlap of 
97 e lec t ron  o r b i t a l s  is forbidden . 

For t h e  purpose of i l l u s t r a t i o n ,  these  d i f f e r e n t  types of sho r t  

range repulsion are combined i n t o  a s ing le  repuls ive  p o t e n t i a l  which 

is  assumed t o  decay with the  twel f th  power of d i s tance  as i n  the  

empirical  Lennard-Jones 6-12 po ten t i a l .  

t he  12th order t e r m  i n  t h e  Lennard-Jones po ten t i a l ,  an expression 

has been derived f o r  t he  sho r t  range repulsion p o t e n t i a l  correspon- 

By linear superposit ion of 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 287 

ding t o  the  i n t e r a c t i o n  between a sphere and a film-coated s e m i -  

i n f i n i t e  p la tez6  a s  , 

with the  func t ion  G given by 

G(x) = =+9 (13b) 

where u is t h e  c o l l i s i o n  diameter and $32, +32 are Hamaker coe f f i -  

c i e n t s  defined earlier. 

Equation 1 3  has been used earlier 2 3 y 2 6  t o  represent  only t h e  

Born repulsion. 

it may i n  addi t ion  represent t he  o ther  types of s h o r t  range repulsion. 

D. 

If a is t r ea t ed  as an ad jus tab le  parameter, however, 

The Effec t  of Eluant Composition on the  In t e rac t ion  Forces 

(a) Ion ic  Strength. A s  noted earlier, t h e  d i s t r i b u t i o n  of coun- 

te r - ions  near a charged su r face  i s  the  outcomeof acompetit ionbetween 

t h e  d is rupt ing  inf luence  of random thermal motions and the  o r i en t ing  

e f f e c t  of t he  su r face  charge. 

la t ter  o r i en t ing  e f f e c t  extends lesser i n t o  the  so lu t ion ,  due t o  

screening by t h e  higher concentration of t h e  ions.  

ion  l a y e r  becomes more compact, i.e., t he  double l a y e r  thickness is  

reduced, when the i o n i c  s t r e n g t h  i s  r a i sed  (Eq. 5).  Consequently, 

t h e  i n t e r a c t i n g  su r faces  can approach each o the r  c l o s e r  without ex- 

periencing the  double l a y e r  force.  I n  e f f e c t ,  a raise i n  t h e  i o n i c  

s t r eng th  enhances the  n e t  a t t r a c t i v e  force  when the  double l aye r  

forces  are repuls ive  and decreases i t  when the  double l a y e r  forces  

are a t t r a c t i v e .  

When the  i o n i c  s t r eng th  is ra i sed ,  t he  

Thus, t he  counter- 

A reduction i n  the  i o n i c  s t r eng th  does t h e  opposite.  

Usually, t h e  double l a y e r  i n t e rac t ion  p o t e n t i a l  is derived 
assuming t h a t  ions  are poin t  charges and t h a t  charged sur faces  

i n t e r a c t  with counter-ions i n  a non-specific manner. Relaxing these  
98 assumptions, as has been done by Stern  i n  co l lo id  s t a b i l i t y  theory 

can explain ion-spec i f ic  e f f e c t s ,  i f  any, concerning double l aye r  

i n t e rac t ions .  Ion-specific effects i n  H I C ,  however, have been ob- 
served mostly a t  high i o n i c  s t r eng ths  (with exceptions).  152 
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288 SRINIVASAN AND RUCKENSTEIN 

Since the e f f ec t  of salts  on double layer  interact ions should reach 

a sa tu ra t ion  a t  a r e l a t i v e l y  low ionic  s t rength (< lM), these salt- 

spec i f i c  "lyotropic" e f f e c t s  r e s u l t  from other mechanisms, which are 

discussed below. 

(b) Lyotropic Effects  of Neutral Sal ts  a t  High Ionic Strengths. 
The e f f ec t  of high concentrations of salts ,  on the s o l u b i l i t y  of 

proteins  i n  water, as w e l l  as on the interact ions between proteins  

and H I C  adsorbents i n  aqueous media (which determine chromatographic 

re tent ion)  has been the  subject  of numerous invest igat ions 
lo8. 

pretat ion,  how a s a l t  solut ion d i f f e r s  from water as regards these 

interact ions:  In water, strongly hydrogen-bonded three-dimensional 

assemblies of water molecules e x i s t .  These s t ruc tu res  are not taken 

t o  be permanent and r i g i d  but as "f l icker ing clusters"  of very short  

half-l ives.  Nevertheless, a t  any i n s t a n t ,  considerable proportions 

of water molecules pa r t i c ipa t e  i n  such three-dimensional s t ructur-  

inglo8' log. These molecules are highly hydrogen-bonded. A s  dis-  

cussed i n  the  context of Table I, more hydrogen-bonding is tanta- 

mount t o  more of o r i en ta t ion ,  induction and dispersion interact ions.  

In other words, water molecules i n  three-dimensional assemblies are 
more cohesive than f r e e  molecules, and hence, contr ibute  more t o  the  

high surface tension of water. 

10,37,99- 

In t h e  following, w e  examine i n  the l i g h t  of t he  present inter-  

Cations are i n  general smaller than, and hence, create s t ronger  

e l e c t r i c  f i e l d s  than anions. The s t rong e l e c t r i c  f i e l d  of the 

cat ions,  coupled with t h e i r  tendency t o  associate  with the oxygens, 

results in the normal s t r u c t u r e  of water being broken i n  the presence 

of cations.  The three-dimensional s t ruc tu res  t h a t  r e s u l t  from the 

strong or ientat ion of water molecules on the cat ions,  however, form 

a s t r u c t u r e  t h a t  is more organized t h a t  the normal water s t ructure .  

Hence, these cat ions are termed "structure-making". Similar t o  the 

normal water assemblies, the cation-caused s t ruc tu res  a l s o  have t h e i r  

hydrogens oriented outward. Anions readi ly  associate  with t h e  avail-  

ab l e  hydrogens of normal water assemblies. 

s t ruc tu res  have t h e i r  oxygens outward (p. 35 i n  Ref. 108). Cations 

and anions together form multi-ionic assemblies i n  water which are 

The anion-associated 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 289 

more hydrogen-bonded than the structures in pure water, 
according to the present interpretation, a solution of structure 
making ions can be seen as held together by stronger orientation, 
induction and dispersion than water, and hence, characterized by a 
larger value for A33 (see Eq. 1). 

anions, due to their size, break up the normal structure of water 
but are unable to form their own assemblies since their electric 
fields are weak. A s  a result, large anions such as ClO, are struc- 
ture-breaking. Structure-breaking also occurs when the ions (e.g., 
guanidinium or thiocyanate) consistently promote two-dimensional 
assemblies of water molecules as dictated by resonance structures 
of the ions (p. 37 in Ref. 108) rather than three-dimensional 
assemblies as sodium ions would promote, for example. Thus, the 
solutions of structure-breaking ions have a lower proportion of 
three-dimensional assemblies than water, and according to the pre- 
sent interpretation, would be characterized by a smaller A33 than 

water. 
It is appropriate to stress here the parallelism between the 

Thus, 

Some ions, on the other hand, are "structure-breaking". Large 

above-mentioned salt effects on the cohesiveness of the medium, and 
the effects of these salts on the surface tension yLv of the medium 
(Table 111 lists a few examples). That a structure-breaking salt 
such as guanidinium chloride reduces the cohesiveness of the aqueous 

TABLE 111 
Surface Tension (y ) Values for a few Aqueous 

Salt-Solutions (at 25'C) 108 !2V 

Salt Concentration yLv dyneslcm 

3M 
3M 

Water -- 
Tetraethyl Ammonium Chloride 1M 
Guanidinium Chloride 4M 

78.4 
76.9 
72.0 
57.0 
51.0 
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290 SRINIVASAN AND RUCKENSTEIN 

medium i s  supported by t h e  f a c t  t h a t  a so lu t ion  of t h i s  sa l t  has a 

su r face  tension yQv lower than t h a t  of water. S imi la r ly ,  a s t ruc-  

ture-making s a l t  such a s  ammonium s u l f a t e  increases  t h e  cohesive- 

ness  of t h e  aqueous medium as  ind ica ted  by the  l a r g e r  sur face  
tens ion  of a so lu t ion  of t h i s  s a l t ,  compared with water. 

In  addi t ion  t o  the  above-discussed sa l t  e f f e c t s  on A33 

salt-induced changes i n  t h e  s t r u c t u r e  of the  aqueous medium, s a l t s  

may a l so  a f f e c t  A13 and A23 which correspond t o  the  in t e rac t ion  of 

t he  medium with the  adsorbent and p ro te in ,  respec t ive ly .  

For example, s ince  pro te ins  (which behave as n e u t r a l  d ipoles  at 

high i o n i c  s t r eng ths )  have muchlargerd ipole  moments than water, 

ion-dipole in t e rac t ions  between the  ions of t he  salt  and the  protein- 

d ipoles  may tend t o  keep the  pro te in  i n  so lu t ion ,  i .e. ,  increase  A23. 

Also, A23 o r  A13 may be increased 

between the  ions  and t h e  p ro te in  o r  t h e  ions and t h e  adsorbent 

t h e  ion has ah ighe r  d ispers ion  coe f f i c i en t  ( a  quant i ty  propor t iona l  

t o  the  product of t h e  p o l a r i z a b i l i t y  of the  molecule and the  number 

of molecules per u n i t  volume) than water. It can be in fe r r ed  t h a t  

t h i s  e f f e c t  may be important f o r  ions  such a s  t e t r a  a lky l  ammonium 

but no t  f o r  small inorganic ions  such a s  s u l f a t e .  

d i spers ion  in t e rac t ions  

132 I f  t he  o v e r a l l  e f f e c t  of an ion o r  a s a l t  is an increase  i n  A 

( the  subscr ip ts  1, 3, 2 denoting the  adsorbent, t he  aqueous medium, 

and t h e  pro te in ,  respec t ive ly) ,  t h e  a t t r a c t i v e  force  between p ro te in  

and adsorbent across  t h e  medium w i l l  increase.  Correspondingly, t he  

salt  o r  ion w i l l  a l s o  increase  A232, rendering the  p ro te in  less solu- 

b l e  i n  water. 

"salting-out" type. 

belong t o  t h i s  category. 

persion e f f e c t s  (which inorsase  A13 o r  A23) are neg l ig ib l e ,  t h e  

"structure-making" e f f e c t  of t h e  ions dominates and thus t h e  

consequent enhancement of A33 increases  A132 

S imi la r ly ,  a s a l t  o r  ion t h a t  reduces A132 w i l l  decrease the  

a t t r a c t i v e  force  between p ro te in  and adsorbent across the  medium. 

It w i l l  a l s o  reduce A232, thus  increas ing  t h e  s o l u b i l i t y  of t he  pro- 

Accordingly, t h e  a a l t  o r  ion is  considered t h e  + = 
Small inorganic ions such as N a  , NH: o r  SO4 

For these  ions ,  s ince  t h e  mentioned d is -  

Or A232' 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 291 

t e i n  i n  t h e  aqueous medium. 

type. 
structure-breaking (and t h e  consequent reduction i n  A ) o r  ions such 

as tetraalkylammonium which reduce A v i a  enhancing A13 o r  A23 (by 

d ispers ion  e f f e c t s )  belong t o  t h i s  "salt ing-in" category. 

This sa l t  o r  ion is  of t he  "salt ing-in" 

Ions such as guanidinium, SCN- o r  C104- which reduce A132 

33 

132 - 

In summary, t he  present  i n t e r p r e t a t i o n  has shown t h a t  a "sa l t ing-  

out" sa l t  a t  h igh  ion ic  s t r eng ths  w i l l  increase  the  van der Waals 

a t t r a c t i o n  between p ro te in  and adsorbent across  the  medium, while a 

"salt ing-in" sa l t  w i l l  reduce it. While the  present  discussion has 

used some suggestions of Lewinlo8, e spec ia l ly  the  two-dimensional 

s t r u c t u r e  promotion by c e r t a i n  sa l t i ng - in  s a l t s ,  t he  ana lys i s  pre- 

sented he re  i n  terms of the  Hamaker coe f f i c i en t  i s  new. Several  

o ther  views of t h e  phenomena can be found elsewhere 10,37,99-108 

(c) Changes i n  t h e  pH. When the  sur faces  acqui re  charges through 

t h e  d i s soc ia t ion  of ac id i c  o r  bas ic  groups, t he  inf luence  of pH is 

f e l t  via t he  d i s soc ia t ion  e q u i l i b r i a  (Eq. 6 ) .  The double l aye r  

i n t e rac t ion  is a f f ec t ed ,  depending on the  na tu re  of t he  d i s soc ia t ing  

groups. For ins tance ,  i f  both adsorbate and adsorbent ca r ry  only 

s t rong  ac id  groups,, t he  sur face  charges and hence 

in t e rac t ion  w i l l  remain e s s e n t i a l l y  unaffected by pH. With sur- 

faces t h a t  car ry  weakly a c i d i c  and weakly bas i c  groups, however, 

t h e  pH e f f e c t  is s ign i f i can t .  For example, wi th  a pos i t i ve ly  

charged adsorbent, a t  a pH above the  i s o e l e c t r i c  po in t  of t he  pro- 

t e i n ,  t he  double l aye r  fo rce  is a t t r a c t i v e .  A s  t h e  pH is reduced, 

t he  double l a y e r  a t t r a c t i o n  w i l l  decrease and the  fo rce  w i l l  become 

repuls ive  f o r  pH PI. 

t h e  double l aye r  

rhe above mentioned pH e f f e c t  concerns e l e c t r o s t a t i c  double 

l aye r  i n t e rac t ions  between p ro te in  and adsorbent. 

intramolecular e l e c t r o s t a t i c  i n t e rac t ions  between t h e  charges on 

the  pro te in  may be a f f ec t ed  by pH-induced changes i n  the  ex ten t  of 

d i s soc ia t ion  of i t s  sur face  sites. Such changes i n  t h e  in t r a -  

molecular e l e c t r o s t a t i c  i n t e rac t ions  alter the  conformation of the  

pro te ins  . Consequently, t he  number and o r i en ta t ion  of nonpolar 

groups on t h e  access ib l e  sur face  a s  w e l l  as t h e  o v e r a l l  shape of the 

I n  addi t ion ,  

99 
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292 SRINIVASAN AND RUCKENSTEIN 

pro te in  w i l l  change. 

sur face  w i l l  al ter  the  Hamaker coe f f i c i en t s  

a f f ec t ing  the  in t e rac t ion  of t h e  sur face  with t h e  aqueous medium. 

A s  w i l l  
s e n s i t i v e  t o  t h e  Hamaker coe f f i c i en t ,  and hence, w i l l  be much 

af fec ted  by (such pH-induced) conformational changes i n  the  pro te in .  

The van de r  Waals a t t r a c t i o n  is a l s o  s e n s i t i v e  t o  changes i n  the  shape 

of t h e  in t e rac t ing  bodies. For example, a plate-shaped s o l u t e  

having its l a r g e r  dimensions p a r a l l e l  t o  the  adsorbent w i l l  s u s t a i n  

a s t ronger  van de r  Waals a t t r a c t i o n  with the  adsorbent, than a 

sphe r i ca l  s o l u t e  of equivalent volume, t he  comparison being made a t  

t he  same value of h ,  t h e  d is tance  between t h e  sur faces  of adsorbent 

and adsorbate . 

The changes i n  t h e  nonpolar charac te r  of t h e  

%32 and %32 by 

be discussed later,  t h e  van der  Waals i n t e rac t ion  is very 

76b 

It i s  noteworthy t h a t  double l aye r  i n t e rac t ions  between p ro te in  

and adsorbent, and pH e f f e c t s  on these  in t e rac t ions ,  w i l l  be annulled 

a t  high ion ic  s t rength .  On t h e  o the r  hand, t h e  intramolecular elec- 

t r o s t a t i c  i n t e rac t ions  can continue t o  be a f f ec t ed  by pH a l t e r a t i o n s  

even a t  high i o n i c  s t r eng ths  i f  t he  spacing of charges on the p ro te in  

is less than o r  comparable t o  t h e  s i z e s  of t h e  counter-ions i n  

solution. 

undergo pH-induced conf ormational changes even a t  high i o n i c  

s t r eng ths  s ince  t h e  c lose  spacing of i t s  sur face  charges does not 

permit t h e  intramolecular e l e c t r o s t a t i c  i n t e rac t ions  t o  be screened 

by the  ions  i n  so lu t ion .  

In  o ther  words, a p ro te in  of high charge dens i ty  can 

(d) Addition of Certain Organic Solvents t o  t h e  Eluant. 

Ethylene glycol (EG) is most o f t e n  added t o  t h e  mobile phase i n  
order t o  e l u t e  pro te ins  from H I C  adsorbents. Occasionally, another 

so lvent  such as dimethyl su l foxide  (DMSO), dimethyl formamide (DMF) 
o r  propanol is a l s o  used. Table I V  lists some proper t ies  of these  

solvents.  

In  general ,  such add i t ives  lower t h e  d i e l e c t r i c  constant of 

t h e  medium. Thus, as Eqs. 1 2  and 5 i nd ica t e ,  e l e c t r o s t a t i c  double 

l aye r  i n t e rac t ions  may be enhanced by such addi t ives .  
hand, t he  ex ten t  t o  which the  sur faces  a r e  charged may be reduced, 

On t h e  o the r  
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TABLE I V  

Some Proper t ies  of Solvents used i n  H I C  
108,193,196. (All  da t a  from Ref, 111 except sur face  tens ion  da ta  9 

a l l  da ta  a t  2 5 O C  unless mentioned otherwise.)  

Dipole Surf ace 
Tension 

(Debye u n i t s )  (dynes/cm) 

Viscosity Die l ec t r i c  Moment 
Solvent (cent i po i se )  Constant 

Water 0.89 78.3 1.85 72.00 

Ethylene g lycol  16.90 40.7 2.28 46.70 

Dimethyl Sulfoxide 1.96 46.7 3.96 43.54 

Dimethyl Formamide 0.796 36.71 3.86 36.76 
(20°C) 

n-propanol 2.00 20.33 1.68 23.71 

s ince  a reduction i n  t h e  d i e l e c t r i c  constant of the  medium w i l l  de- 

c rease  the  d i s soc ia t ion  of weakly a c i d i c  sur face  groups as w e l l  a s  

cause pa i r ing  between counter-ions and sur face  charges. 

these  opposing e f f e c t s ,  t he  double l aye r  i n t e rac t ions  may not  be 

s t rongly  a f f ec t ed  by these  addi t ives .  

Due t o  

The van de r  Waals a t t r a c t i o n  between pro te ins  and adsorbent 

is expected t o  be s u b s t a n t i a l l y  reduced by these  addi t ives .  The 

poss ib le  mechanisms can be q u a l i t a t i v e l y  discussed as follows. 

P r o t i c  so lvents  such as ethylene glycol and propanol are hydro- 

gen-bonded, y e t  t o  a lesser ex ten t  than water. Aprotic so lvents  

such a s  dimethyl su l foxide  o r  dimethyl formamide are not  hydrogen- 

bonded a t  all1''. Besides, mixtures of such so lvents  wi th  water, 

e spec ia l ly  a t  high volume f r ac t ions  of t he  organic so lvent ,  would 

l ack  the  s p e c i a l  s t r u c t u r a l  f ea tu re s  of water. Indeed, mixtures of 

ethylene g lycol  and water show a p a r t i a l  break-down of t h e  w a t e r  

structure10g. 

so lvents  t o  the  aqueous medium w i l l  reduce t h e  ex ten t  of or ien ta-  

t i o n  and induction i n t e r a c t i o n s  among molecules of t he  medium. 

Consequently, A33 i s  decreased (despi te  t he  f a c t  t h a t  t he  d ispers ion  

a t t r a c t i o n  among molecules of such organic so lvents  i s  s t ronger  than 

Thus, as with structure-breaking salts ,  adding such 
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294 SRINIVASAN AND RUCKENSTEIN 

t h a t  among water molecules). 

t he  aqueous medium upon addi t ion  of an organic so lvent  such as 

ethylene glycol i s  a t t e s t e d  t o  by the  observed reduction i n  the  sur- 

f ace  tension y of the  medium, e.g., water and a 50 vol% aqueous 

mixture of ethylene g lycol  have su r face  tensions of 72 dynes/cm and 
74 about 50 dyneslcm, respec t ive ly  . These organic so lvents  have 

higher d ispers ion  coe f f i c i en t s  (quan t i t i e s  which are proportional t o  

t h e  product of t h e  p o l a r i z a b i l i t y  and t h e  number of molecules per 

un i t  volume) than water. Hence, i n  an aqueous mixture of such a 

so lvent ,  t he  dispersion a t t r a c t i o n  between adsorbent o r  p ro te in  and 

t h e  medium w i l l  be  l a r g e r  than the  corresponding in t e rac t ions  i n  

water. 

be  l a r g e r  than t h e  corresponding cont r ibu t ions  i n  water. 

s ion  w e r e  t he  only van de r  Waals a t t r a c t i o n  between t h e  medium and 

t h e  adsorbate o r  adsorbent ( f o r  example, when the  lat ter are 
completely nonpolar) A13 and A23 w i l l  be unequivocally increased 

upon the  addi t ion  of an organic solvent t o  t h e  aqueous medium. 

t h e  adsorbate o r  adsorbent has polar  as w e l l  a s  nonpolar character-  

i s t i c s ,  however, o r i en ta t ion  and induction in t e rac t ions  between these  

entities and the  medium become important and may be reduced when an 

organic so lvent  is added (due t o t h e  increased s t r u c t u r a l  d i so rde r ing  

of the  medium). Hence, depending on the  r e l a t i v e  ex ten t s  of 

po la r i ty  and nonpolarity of t he  adsorbate o r  adsorbent, t he  ne t  

e f f e c t  of an organic so lvent  add i t ive  may either be a reduction o r  

an enhancement of A 13 or A23. I n  some cases f o r  ins tance ,  A13 may 

be reduced while A23 i s  enhanced. 

depends on the  changes i n  A33 and on changes i n  A13 o r  A23. 

l i n g  the  l a rge r  cont r ibu t ion  (s 50 dyneslcm) from o r i e n t a t i o n  and 

induction than t h e  one from dispers ion  (= 22 dynesfcm) t o  t h e  sur- 

f ace  tension of water and hence t o  A33, one can expect t he  e f f e c t  

of organic solvent-additives on A33 t o  form a dominant component of 

33 t h e  e f f e c t  of t h e  add i t ive  on A132. Indeed, t he  reduction i n  A 

(due t o  t h e  smaller ex ten t  of o r i en ta t ion  and induction among 

molecules of t he  organic solvent-water mixture) p a r a l l e l s  t h e  n e t  

Such a reduction i n  t h e  cohesiveness of 

!LV 

Thus, t h e  cont r ibu t ions  from dispers ion  t o  A 13 and A23 w i l l  

If disper- 

When 

The e f f e c t  of t h e  add i t ives  on the  Hamaker coe f f i c i en t  A132 

Recal- 
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e f f e c t  of t he  organic so lvent  add i t ive  on A132, namely 

mentally observed reduction i n  the  (van der Waals) a t t r a c t i o n  be- 

tween p ro te in  and adsorbent. 
such addi t ives  may even render t h i s  van der  Waals i n t e r a c t i o n  

repuls ive .  

t h e  experi- 

Van Oss e t  a1.73a, have suggested t h a t  

(e) Addition of Detergents. A t  concentrations below t h e  c r i t i c a l  

mice l le  concentration (CMC), t h e  detergent w i l l  compete wi th  the  

adsorbate f o r  sites on t h e  adsorbent thus f a c i l i t a t i n g  e lu t ion .  A t  

concentrations l a r g e r  than the  CMC, an add i t iona l  e f f e c t  occurs i n  

t h a t  p ro t e ins  begin t o  be  adsorbed on the  detergent-micelles.  

add i t iona l  e f f e c t  a l so  enables the  pro te ins  t o  e lu t e .  Apart from 

pa r t i c ipa t ing  i n  the  above e f f e c t s ,  i o n i c  de te rgents  can a f f e c t  t h e  

e l e c t r o s t a t i c  double l aye r  i n t e r a c t i o n s  between p ro te in  and 

adsorbent. 

This 

4. THE TOTAL INTERACTION POTENTIAL AND CHROMATOGRAPHIC RETENTION 

A. The Tota l  In t e rac t ion  P o t e n t i a l  and Its Shapes 

The t o t a l  i n t e rac t ion  p o t e n t i a l  $ represents  t h e  combined in f lu -  

ence of t h e  d i f f e r e n t  physical  forces  discussed i n  t h e  previous 

sect ion. 

For the  in t e rac t ion  between a sphere and a film-coated semi- inf in i te  

p l a t e ,  Eqs. 4 ,  1 2  and 13  provide expressions f o r  t he  p o t e n t i a l s  on 

the  r i g h t  hand s ide .  While der iv ing  these  expressions,  f o r  t he  sake 

of s impl i c i ty ,  s eve ra l  e f f e c t s  have been omitted. These include 

so lva t ion  of t h e  sur faces ,  su r f ace  roughness of t h e  order  of a ,  t h e  

importance of t h e  topology of t h e  sur faces  a t  an atomic l e v e l  f o r  t he  

van der  Waals i n t e rac t ions  when the  sur faces  are wi th in  atomic 

d is tances ,  and t h e  s p e c i f i c  adsorption of ions.  Nevertheless,  t he  

present approach t o  adsorption o r  deposit ion is independent of the  

p a r t i c u l a r  expression one assumes f o r  t h e  in t e rac t ion  p o t e n t i a l  4; 
when more r e a l i s t i c  expressions f o r  $vdw, $DL and $SR a r e  obtained, 

they can b e  r ead i ly  incorporated i n t o  Eq. 14 f o r  t h e  t o t a l  inter- 
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296 SRINIVASAN AND RUCKENSTEIN 

ac t ion  p o t e n t i a l  and in the  subsequent ana lys i s .  Depending on the  

values of t h e  parameters of Eq. 14, p l o t s  of t he  t o t a l  i n t e rac t ion  

po ten t i a l  4 with the  d is tance  between the  sur faces ,  h (po ten t i a l  

p r o f i l e s )  can have several shapes. Figure 2 schematically dep ic t s  

some of t hese  shapes t h a t  are poss ib l e  i n  HIC.  

Curve A: The double l a y e r  force  i s  e i t h e r  a t t r a c t i v e  o r  non- 

ex i s t en t .  This, i n  combination with t h e  van der Waals a t t r a c t i o n ,  

produces a p o t e n t i a l  p r o f i l e  that has a minimum as i ts  only extremum. 

Curve B: The double l aye r  force  i s  repuls ive  and dominates a t  

intermediate d is tances ,  while t he  van der  Waals a t t r a c t i o n  dominates 

a t  long and s h o r t  d i s tances .  Thus, t h e  p o t e n t i a l  p r o f i l e  cons i s t s  of 

a deep primary minimum a t  h = h separated from a shallower 
Pm’  

FIGURE 2 

Shapes of t h e  t o t a l  i n t e r a c t i o n  po ten t i a l  p r o f i l e  poss ib le  i n  hydro- 
phobic in t e rac t ion  chromatography. 
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secondary minimum a t  h = hsw by a maximum a t  h = hmax, wi th  

hpmn < hmax < hsm’ 
Curve C: This represents  s i t u a t i o n s  wherein the  repuls ive  

forces  dominate at  a l l  d i s tances .  

In  t h e  event t h a t  t h e  van der  Waals forces  are made repuls ive ,  

t h e  po ten t i a l  p r o f i l e  may be devoid of minima as i n  curve C (when 

t h e  double l aye r  forces  are a l s o  repuls ive  o r  only weakly a t t r a c t i v e ) ,  

o r  may have a p o t e n t i a l  b a r r i e r  and minima ( i f  t he  double l aye r  forces  

a r e  s t rongly  a t t r a c t i v e ) .  

B. Coef f ic ien ts  f o r  Adsorption and Desorption 

I f  t h e  t o t a l  i n t e rac t ion  p o t e n t i a l  p r o f i l e  has a p o t e n t i a l  

b a r r i e r ,  t he  e f f e c t  of i n t e rac t ion  forces  on the  adsorption r a t e  i s  

considerable even when they a c t  over d i s tances  much smaller than 

t h e  d i f fus ion  boundary l a y e r  thickness.  

of t h i s  s i t u a t i o n  112y113, f l u i d  convection is neglected in s ide  a 

t h i n  l aye r  near t h e  adsorbent, and the  in t e rac t ion  forces  are 

neglected outs ide  t h i s  i n t e rac t ion  force  boundary layer .  This 

approach l eads  t o  expressions f o r  t he  coe f f i c i en t s  of adsorption 

and desorption a s  

In  an approximate ana lys i s  

25b 

)1/2 
Df- hmax (ymax ysmn 

kT exp (- 2skT k =  a a 
P 

)1/2 and 

w), 
%ax - $p 

exp (- kT 
Dfm hmax (ymax ypmn 

2akT kd = a 
P 

YS, = + $1 
h=hsmn 

It is noteworthy t h a t  t h e  expressions are of t h e  Arrhenius form with 

(4max s w  
as t h a t  f o r  desorption. The f l u x  J of adsorbate towards the  

adsorbent is given by 

-I$ ) as  the  ac t iva t ion  energy f o r  adsorption and ($max-$pmn) 
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298 SRINIVASAN AND RUCKENSTEIN 

-J = Km(Cm - Ci) = k a n smn - k d n pmn (17) 

where K 

t h e  concentrations of adsorbate i n  the  bulk and a t  t he  start  of t he  

in t e rac t ion  force  boundary l aye r ;  n and n are the  number of 

adsorbate e n t i t i e s  per  un i t  a r ea  near the  primary minimum and t h a t  

near  t he  secondary minimum, respec t ive ly .  

mum i s  absent,  i .e.,  when $smn = 0 (e.g., Figure 6 corresponds t o  

t h i s  s i t u a t i o n ) ,  Eqs. 1 5  and 1 7  change t o  

i s  t h e  m a s s  t r a n s f e r  coe f f i c i en t ,  Cm and C m i are respec t ive ly ,  

P- Smn 

When the  secondary mini- 

and 

-J Km(Cm - Ci) = k 'i - kd npmn (17a) 

Note t h a t  the  units of ka and k i  a r e  (sec-l) and (cmfsec), respec- 

t i ve ly .  

and desorption i n  chromatography 

Equations 15-17 have been used i n  analyses of adsorption 
24 , 25b 

I f  t h e  po ten t i a l  p r o f i l e  has  no maximum and only a minimum, 

adsorption i n t o  the energy w e l l  i s  rap id  and convective d i f fus ion  i s  

t h e  r a t e  determining s t e p  f o r  adsorption. 

and i f  t h e  energy w e l l  i s  s u f f i c i e n t l y  deep, Eq. 17a s impl i f i e s  t o  

Under these  conditions 

112 ' 
-J = Km[Cm - n pmn .yp"') 2akT e x p ( F ) ] .  

For l a rge ,  negative values of 4 
hand s i d e  of Eq. 18  becomes p r a c t i c a l l y  negl ig ib le .  

t h e  second term on the  r i g h t  
P m '  

This type of p r o f i l e  (curve A, Figure 2) occurs i n  many experi-  

mental s i t u a t i o n s  i n  H I C  and it is  noteworthy t h a t  desorption of 

pro te ins  much af fec ted  by the  depth of the  energy w e l l  is the  c e n t r a l  

phenomenon i n  these  experiments. When Eq. 18 is applied t o  the  de- 

sorp t ion  s tage ,  i t  becomes evident t h a t  as long as t h e  energy w e l l  

is l a r g e  and negat ive) ,  even i f  t he  number of i s  deep, (i.e., 

adsorbed e n t i t i e s  n i s  q u i t e  high, t h e  rate of desorption (J) 

would be negl ig ib le .  The magnitude of 4 has t o  be reduced, i .e.,  
t h e  energy w e l l  has t o  be s u f f i c i e n t l y  l i f t e d  so  t h a t  desorption can 

'Pmn 

PW 

Pm 
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occur by thermal motions. 

ca t ions  of t h e  p o t e n t i a l  p r o f i l e  a r e  o f t en  required i n  H I C .  

C. Results from a Parametric Study 

A s  would be discussed later,  such modifi- 

The enormous s e n s i t i v i t y  of the  t o t a l  i n t e rac t ion  p o t e n t i a l  t o  
23 i t s  parameters was demonstrated i n  an e a r l i e r  parametric study 

which assumed t h e  sur face  po ten t i a l s  t o  be constant and d id  not  

consider t h e  presence of a lky l  l igands on the  adsorbent. 

ind ica ted  t rends  are i l l u s t r a t i v e  f o r  t he  present  paper. 

, 

The 

Figure 3 i l l u s t r a t e s  t he  e f f e c t  of changes i n  t h e  Hamaker 

coe f f i c i en t  A132 on t h e  po ten t i a l  p r o f i l e  f o r  t he  i n t e r a c t i o n  of 

a sphere and a semi- inf in i te  p l a t e .  

small) changes i n  A132 brought about by lyo t rop ic  salt e f f e c t s  o r  

the addi t ion  of organic so lvents ,  r ad ica l ly  alter the shape of the  

p o t e n t i a l  p r o f i l e .  

It can be in fe r r ed  t h a t  (even 

S i m i l a r  s e n s i t i v i t y  t o  i o n i c  s t r eng th  is indica ted  i n  Figure 4, 

which shows how double l aye r  repuls ion  can be e f f ec t ive ly  suppressed 

by r a i s i n g  the  i o n i c  s t rength .  

h, Separation Distance (1) 

FIGURE 3 

Effec t  of the  Hamaker coe f f i c i en t  A132 on the  t o t a l  i n t e rac t ion  goten- 
t i a l  p r o f i l e .  
p = 0.1M, a 
bent (semi-%finite p l a t e ) ;  subscr ip t  2 +- pro te in  (sphere);  and 
subscr ip t  3 +- t h e  aqueous medium). 

The o the r  parameters a r e  JI = JI,, = 25 mV, u = 5A, 
= O.lpm, E = 74.3 and T = 308 K, ( subscr ip t  1 + adsor- 
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I I  u(M1=0.0125 I 

0 

,100 
0 1 0 2 0  3 0 4 0 5 0 6 0  

h, Separation Distance (1) 
FIGURE 4 

Effect of i on ic  s t r eng th  on the  t o t a l  i n t e rac t ion  po ten t i a l  p r o f i l e  
when the  sur face  po ten t i a l s  a r e  held fiyed. Parameters a r e  the  same 
a s  the  ones i n  Figure 3 and A e rg ,  ( subscr ip t  1 f adsor-.  
bent (semi-infinite p l a t e )  ; s&%cript 2 f pro te in  (sphere) ; and sub- 
s c r i p t  3 + t he  aqueous medium). 

= 10- 

Thus, the  energy w e l l  i n  t h e  po ten t i a l  p r o f i l e  can be made 

shallow by reducing A132 (*the addi t ion  of s a l t i ng - in  s a l t s  o r  

organic so lvents  o r  v i a  t he  removal of salt ing-out s a l t s )  as indi-  

cated i n  Figure 3, by lowering the  i o n i c  s t r eng th  when the  double 

l aye r  forces  are repuls ive  (Figure 4 ) ,  o r  by r a i s i n g  the  i o n i c  

s t rength  when the  double layer  forces  are a t t r a c t i v e  (not shown in  

t h e  f igures)  . 
Figure 5 shows t h a t  l a r g e r  p a r t i c l e s  experience l a r g e r  

po ten t i a l  b a r r i e r s  and s u s t a i n  deeper minima i n  t h e i r  i n t e rac t ion  

po ten t i a l  p r o f i l e  than smaller p a r t i c l e s .  

represented i n  Figure 5, po ten t i a l  b a r r i e r s  e x i s t  and it can be 
infer red  t h a t  l a r g e r  p a r t i c l e s  w i l l  f i nd  i t  more d i f f i c u l t  t o  adsorb 

as w e l l  as desorb than smaller ones. 

p r o f i l e  does no t  have a maximum (as i n  curve A, Figure 2), l a r g e r  

p a r t i c l e s  w i l l  desorb with more d i f f i c u l t y .  

For the  s i t u a t i o n s  

Similarly,  when the  p o t e n t i a l  

Figure 6 is from another study26, which considered t h e  presence 

of the  a lky l  l igands on the  adsorbent and t h a t  t he  sur face  charges 

a r i s e  from the  d i s soc ia t ion  of sur face  groups. 
t he  Hamaker coe f f i c i en t  f o r  the  film-sphere in t e rac t ion  

g rea t e r  than t h a t  of t h e  adsorbent matrix-sphere in t e rac t ion  %32, 

It shows t h a t  i f  

%32 is 
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+ O t  I 

- 

0 10 20 30 40 50 60 

h, Separation Distance& 

I 
FIGURE 5 

Effec t  of t he  rad ius  of the  (pro te in)  sphere on the  t o t a l  in te rac-  
t i o n  p o t e n t i a l  p r o f i l e .  
$sl = qS2 = 28mV. 

A l l  parameters a s  i n  Figures 3 and 4 except 

t he  adsorption-coef f i c i e n t  increases  appreciably wi th  chain length 

while t h e  desorption-coefficient decreases. 

corresponds t o  the  case i n  which a po ten t i a l  b a r r i e r  t o  adsorption 

e x i s t s ,  t he  extension t o  the  s i t u a t i o n  where such a b a r r i e r  i s  

absent i s  simple. I n t h e l a t t e r  case,  i t  w i l l  be more and more 

d i f f i c u l t  f o r  a p ro te in  t o  desorb as longer a lky l  l igands  are used. 

Figure 6 i nd ica t e s  t h a t  no f u r t h e r  changes occur, however, as the  

f i l m  thickness (or  chain length)  becomes very l a rge ,  s ince  the  

adsorbent begins t o  behave as if it were made e n t i r e l y  of t h e  f i l m  

mater ia l  . 

Although Figure 6 

Increasing the  a lky l  chain length  has an add i t iona l  e f f e c t .  

From t h e  values of t he  Hamaker coe f f i c i en t  A132 f o r  t h e  i n t e r a c t i o n  

of bovine albumin with seve ra l  alkanes,  l i s t e d  i n  Table 11, one can 

conclude t h a t  s32 increases  wi th  t h e  a lky l  chain length  and tends t o  

a sa tu ra t ion  (e.g., from pentane t o  hexane, AF32 increases  by 0.745 
x ergs ,  while from nonane t o  decane, i t  increases  by a lesser 

amount, namely 0.248 x ergs) .  
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-4 I I I 
400 i04 i o g  

8, Film Thickness (1) 

FIGURE 6 

The effect of the length of the alkyl chains of the adsorbent on the 
coefficients of adsorption and desorption. 
modeled as a continuous film (see Figure 1). 
for the film-sphere and adsorify matrix-sphere interactigp3 are, 
respectively, A = 1.5 x 10 erg, and = 1.0 x 10 erg. 
The adsorbent aEJ2the (protein) sphere areAP3a a en to be strongly 
acidic, each carrying a single acidic site. 
Characteristics of the adsorbate (sphere): Na = 1.147 x 1013 CIU-~, 
Nb = 0, pKa = 0, JIB, = -25 mV. 
Characteristics of the adsorbent (semi-infinite plate): Na = 2.576 
x 1013 an-*, Nb = 0, pKa = 0, $sl = -50 mV. 
Other parameters are: 
E = 73.4, T = 300'K. 

Attached chains are 
Hamaker coefficients 

0 0 

l~ = O.lM, pHbulk = 7, u = 2A, a = 100A, P 
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In t o t a l ,  increasing the alkyl  chain length of the l igands 

r e s u l t s  i n  a l a rge r  f i lm  thickness as w e l l  as  a l a r g e  Hamaker 

coeff ic ient  %32 thus enhancing the van der Waals a t t r a c t i o n  be- 

tween protein and adsorbent, t h e  enhancement tending t o  a satura- 

t i on  as the chain length is increased. 

D. Chromatographic Retention and Elution 

I f  a pulse of a mixture of d i f f e ren t  proteins  is introduced i n t o  

an H I C  column, i t  can be expected t h a t  the mixture w i l l  be resolved 

i n t o  several  f r ac t ions  during the subsequent e lu t ion  development. 

Occasionally, even a sample containing protein molecules a l l  having 

the  same primary s t ruc tu re  can e l u t e  i n  more than one fract ion.  

may be caused by heterogeneities of the protein sample o r  of the 

adsorbent. 

section. Here, the nature  of various fract ions t h a t  e l u t e  from the  

column (whether they o r ig ina t e  from a s ing le  protein sample o r  from 

a mixture of proteins)  i s  discussed i n  terms of the underlying in t e r -  

act ion po ten t i a l  p ro f i l e s .  The f r ac t ions  have been named A, B, C 

and so on merely t o  f a c i l i t a t e  t he  recall of the discussion of each 

fract ion given i n  t h i s  sect ion,  when these names appear as i d e n t i f i e r s  

i n  later sect ions wherein numerous experimental reports  a r e  summari- 

zed. 

This 

Such heterogeneity is discussed separately i n  a later 

Fraction A: Some proteins  may e l u t e  ahead of an unretained 

micromolecular t r ace r  (i.e.,  VR/Vo < 1, where VR i s  the retent ion 

volume of the protein while Vo i s  t h a t  of the unretained micromole- 

cular  t r ace r ) .  

of extrema (curve C ,  Figure 2) o r  has a po ten t i a l  b a r r i e r  t h a t  is 

subs t an t i a l ly  higher than the one i n  curve B. Thus, the proteins  

are excluded from the region very near the w a l l ,  where the  carrier 

solution moves slower than i n  the bulk. The unretained micromolecu- 

lar t r a c e r ,  however, is  not excluded from t h i s  region. As a r e s u l t ,  

t he  t r ace r  lags  the  proteins.  
minor f r ac t ion  of the e lu t ing  proteins  i n  H I C ,  it is a major e f f e c t  

i n  "hydrodynamic chromatography" 1149115. Within t h i s  f r ac t ion ,  the 

l a rge r  proteins  e l u t e  earlier s ince a larger  p a r t i c l e  experiences a 

The corresponding po ten t i a l  p r o f i l e  i s  e i t h e r  devoid 

While t h i s  mechanism a f f e c t s  only a 
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30 4 SRINIVASAN AND RUCKENSTEIN 

l a r g e r  r epu l s ion , a l l  t h e  o ther  parameters remaining t h e  same (Figure 

5). 
Fraction B: Another f r a c t i o n  of pro te ins  w i l l  e l u t e  with a 

residence t i m e  equal t o  o r  s l i g h t l y  l a r g e r  than t h a t  of an unretained 

micromolecular t r a c e r  (V,/V, 1. 1 ) .  

e i t h e r  an energy w e l l  t h a t  is  much shallower than t h e  one i n  curve A 

(Figure 2) o r  i n  the shallow secondary minimum bes ide  a high 

po ten t i a l  b a r r i e r  similar t o  t h e  one in  curve B. 

This f r a c t i o n  has been held in 

Fraction C: The r e t en t ion  times of the  above f r ac t ions  are less 
than o r  no t  very d i f f e r e n t  from t h a t  of an unretained micromolecular 

t r ace r .  Following these  f r ac t ions ,  some pro te ins  may e l u t e ,  t h e i r  

r e t en t ion  being governed by rates of adsorption and desorption which 

are comparable. The corresponding po ten t i a l  p r o f i l e  has a moderate- 

l y  high p o t e n t i a l  b a r r i e r  as w e l l  as a moderately deep energy w e l l ,  

as i n  curve B (Figure 2 ) .  The r e t en t ion  t i m e s  w i l l  be q u i t e  higher 

than t h a t  of t he  t r a c e r  and w i l l  be very s e n s i t i v e  t o  the  character-  

i s t i c s  of t he  pro te ins ,  

the "Potent ia l  Barrier Chromatography" suggested by Ruckenstein, 

e t  a1.24, who predic ted  that p a r t i c l e s  d i f f e r i n g  only 5% i n  s i z e ,  

o r  1% i n  sur face  po ten t i a l ,  o r  1% i n  Hamaker coe f f i c i en t  e l u t e  a t  

appreciably d i f f e r e n t  times and hence could be separated.  Although 

adsorption and desorption a t  comparable rates as i n  PBC promise f i n e  

separa t ions ,  t h i s  does no t  occur o f t en  i n  pro te in  chromatography . 
Usually, the  range of parameters (such as pH, i o n i c  s t r eng th )  over 

which the  pro te ins  are very t i g h t l y  held i s  so narrow t h a t  most of 

t he  bound p ro te in  w i l l  n o t  e l u t e  unless t he  composition of t he  e luan t  

is changed. In  o ther  words, tbe p o t e n t i a l  p r o f i l e  favoring reten- 

t i o n  is  such t h a t ,  adsorption-desorption equilibrium i s  driven too 

f a r  towards adsorption, and desorption is poss ib le  only i f  t h e  pro- 

f i l e  is  a l t e r e d  su i t ab ly .  

This f r a c t i o n  corresponds p rec i se ly  t o  

116 

In  H I C  t h e  p ro te ins  introduced are of ten  bound very t i g h t l y .  

The corresponding p r o f i l e s  have energy w e l l s  deeper than t h e  ones 

shown i n  Figure 2. Desorption is f a c i l i t a t e d  by means of changes 

i n  the  e luant  composition which: (a) l i f t  t h e  energy w e l l  t o  a 
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l e v e l  whence desorption can occur by thermal motions; (b) introduce 

a maximum i n  t h e  p r o f i l e  a t  a d is tance  smaller than h 
P m  

p r o f i l e  which was  responsible f o r  r e t en t ion ;  o r  (c) e l imina te  a l l  

minima and introduce a p r o f i l e  as i n  curve C (Figure 2).  

of t he  

The energy w e l l  can be l i f t e d  by weakening the  a t t r a c t i v e  

fo rces ,  o r  by strengthening t h e  repuls ive  forces .  I f  t he  double 

l aye r  fo rce  is a t t r a c t i v e ,  i t  can be weakened by r a i s i n g  the  i o n i c  

s t r eng th  o r  by changing the  pH (e.g., i f  i n i t i a l l y  t h e  adsorbent 

is  negatively charged and the  p ro te in  is pos i t i ve ly  charged, an 

increase  i n  pH is appropriate).  With repuls ive  double l aye r  fo rces ,  

r e t en t ion  would have occurred a t  high ion ic  s t r eng th  and e l u t i o n  can 

be achieved by reducing the  i o n i c  s t rength .  

t i o n  between pro te in  and adsorbent can be decreased by adding an 

organic so lvent  such a s  ethylene g lycol  o r  a sa l t ing- in  s a l t  such 

as NaSCN t o  the  e luant .  

The van der  Waals a t t r a c -  

A p o t e n t i a l  b a r r i e r  can be  generated by strengthening double 

l aye r  repuls ion  as discussed above, o r  by causing a change-over from 

double l aye r  a t t r a c t i o n  t o  repulsion y& an a l t e r a t i o n  

(e.g., i f  r e t en t ion  occurred on a pos i t i ve ly  charged adsorbent a t  a 

pH above t h e  i s o e l e c t r i c  po in t  PI of t h e  pro te in ,  e l u t i o n  can be 

t r iggered  by lowering t h e  pH t o  a value less than P I ) .  

t he  van der Waals forces  repuls ive  (possibly with an e luan t  of high 

ethylene glycol content)  i s  su re  t o  introduce a maximum i n  the  

p o t e n t i a l  p r o f i l e ,  o r  e l imina te  a l l  minima depending on whether t he  

double l aye r  forces  are a t t r a c t i v e  o r  repulsive.  

t h a t  would e l u t e  only i f  the  mobile phase is modified can be divided 

i n t o  two types. 

i n  t he  pH 

Rendering 

The f r a c t i o n s  

Fraction D: A f r a c t i o n  can be e lu t ed  by manipulating the  dou- 

b l e  l aye r  i n t e rac t ions  3 changes i n  the  i o n i c  s t r eng th  o r  pH. 

example, t he  appropr ia te  procedure would be a reduction i n  ion ic  

s t r eng th  i f  t h e  double layer  forces  are repuls ive  and a raise i n  the  

ion ic  s t r eng th  i f  t he  forces  are a t t r a c t i v e .  

For 

Fraction E: Subsequent t o  the  above f r a c t i o n s ,  t he re  may be 

p ro te ins  which are he ld  s t rong  van der  Waals forces  ( t h a t  had 
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30 6 SRINIVASAN AND RUCKENSTEIN 

caused r e t en t ion  independent of a t t r a c t i v e  double l aye r  forces  o r  

desp i t e  repuls ive  double l aye r  forces) .  

merely modifying the  double l aye r  i n t e rac t ion .  In addi t ion ,  the  

van der  Waals a t t r a c t i o n  has t o  be reduced. This can be achieved 

by adding organic so lvents  such as ethylene glycol o r  a sa l t ing- in  

sa l t ,  o r  by reducing t h e  concentration of sa l t ing-out  s a l t s  i n  the  

e luan t ,  i f  any a r e  present.  

t h a t  such addi t ives  cause e lu t ion  by rendering the  van de r  Waals 

forces  repulsive.  In  the view of the  present  i n t e rp re t a t ion ,  how- 

ever,  it can be seen t h a t  while making the  van der  Waals forces  

repuls ive  i s  a s u f f i c i e n t  cause of e lu t ion ,  it i s  not a necessary 

condition; i f  t he  a t t r a c t i v e  forces  are adequately reduced (as  d i s -  

cussed i n  the  context of Eq. l S ) ,  t he  energy w e l l  can be l i f t e d  t o  

a l e v e l  whence e lu t ion  can occur by thermal motions. 

while desorption of pro te ins  (upon introducing addi t ives  such as 

ethylene glycol) can ce r t a in ly  s t e m  from the  involvement of repul- 

sive van der  Waals forces ,  e lu t ion  can occur even with a t t r a c t i v e  

van der  Waals forces  preva i l ing ,  provided these  are made s u f f i c i e n t l y  

small. 

These cannot be e lu t ed  by 

van 0 8 8 ,  et al.73a, have suggested 

In  o ther  words, 

The s t rong  a t t r a c t i v e  forces  i n  t h e  v i c i n i t y  of t he  adsorbent 

can d r a s t i c a l l y  change t h e  conformation of some p ro te ins ,  thus in- 

creasing t h e  s t r eng th  of t he  binding. 

e lu t ion  procedures (high concentrations of ethylene g lycol  o r  

detergents) and q u i t e  possibly e l u t e  only i n  a denatured form (frac- 

t i o n  F). Table V summarizes t h e  c h a r a c t e r i s t i c s  of t h e  d i f f e r e n t  

f rac t ions .  

Such pro te ins  requi re  d r a s t i c  

The required changes i n  the  composition of the  mobile phase i n  

order  t o  cause e lu t ion ,  can be done e i t h e r  i n  s t eps  ( i . e . ,  by opera- 

t i n g  with a d i f f e r e n t  i s o c r a t i c  e luant )  o r  continuously ( i n  a 

gradien t  e lu t ion ) .  

5. EXPERIMENTAL EVIDENCE 

Experimental evidence i n  HIC can be  divided i n t o  seve ra l  

ca tegor ies  depending on the  ways i n  which the  c h a r a c t e r i s t i c s  of t he  
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308 SRINIVASAN AND RUCKENSTEIN 

mobile phase o r  t h e  adsorbent have been manipulated i n  each experi- 

ment. 

An important c h a r a c t e r i s t i c  of t he  mobile phase is its i o n i c  

strength.  Ion ic  s t rength  e f f e c t s  f a l l  i n t o  two types. The f i r s t  

concerns t h e  e f f e c t s  t h a t  occur i n  the  low i o n i c  s t r eng th  range 

(< 1M) (Table VI) and are shown by only adsorbents t h a t  are charged. 

E l e c t r o s t a t i c  double l aye r  forces  p reva i l  and a t  least some of the  

adsorbed pro te ins  can be e lu t ed ,  by r a i s i n g  the ion ic  s t r eng th  i f  

these  forces  a r e  a t t r a c t i v e  and by reducing t h e  ion ic  s t r eng th  i f  

t he  forces  are repulsive.  The mechanism of any pH e f f e c t  i n  t h i s  

i o n i c  s t r eng th  range is a l s o  l i k e l y  t o  be e l e c t r o s t a t i c ,  The second 

type of e f f e c t  
and is strengthened by r a i s i n g  the  i o n i c  s t rength  and v ice  versa.  

This lyo t ropic  sal t  e f f e c t  i s  exhib i ted  with adsorbents carrying hy- 

drocarbonaceous l i g a n d ~ ~ ~  as w e l l  a s  adsorbents devoid of such li- 

gandsllO, and whether the  adsorbents car ry  ionogenic groups43 o r  

no t  . Any pH e f f e c t  i n  t h i s  range i s  probably due t o  conformational 

changes i n  the  pro te ins  and the  consequent changes i n  the van der  
154 Waals in t e rac t ion  (as discussed i n  Sect.  3.D.c). Some experiments 

have evidence f o r  both the  low i o n i c  s t r eng th  e l e c t r o s t a t i c  e f f e c t s  

and the  high ion ic  s t r eng th  lyo t rop ic  e f f e c t s .  

i s  observable only a t  high i o n i c  s t r eng ths  

50 

In many experiments, apar t  from modifications of t he  mobile 

phase, t he  c h a r a c t e r i s t i c s  of t he  adsorbent have a l so  been a l t e r e d  
by changing the  a lky l  chain length and the  number of the  a l k y l  

l igands on the  adsorbent. 

e f f e c t s  while o thers  show d i r e c t  evidence f o r  the  heterogeneity of 

pro te ins  and adsorbents. 

t ed  on the  para l le l i sm between the  e f f e c t  of add i t ives  on the  su r face  
tension y 

on pro te in- re ten t ion  i n  HIC. 

Some experiments concern temperature 

Some recent experiments 73-75 have elabora- 

of t h e  aqueous medium and t h e  e f f e c t  of these  add i t ives  fiV 

In t h i s  sec t ion ,  experimental evidence is  c l a s s i f i e d  i n  

accordance with the  above discussion. While most of the  r e s u l t s  
are summarized i n  t a b l e s  (with i d e n t i f i c a t i o n  of t he  various frac- 

t i ons  discussed i n  Section 4.D), some are discussed i n  d e t a i l .  
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 309 

A. Low Ionic  Strength Range - At t rac t ive  Double Layer Forces 

H I C  adsorbents carrying alkylamines (coupled t o  the  adsorbent 

matrix by CNBr ac t iva t ion)  are i n  general  pos i t i ve ly  charged 

around neu t r a l  pH, due t o  the  charging of t he  (a and w ,  i f  any) 

amino groups. 

t h a t  connects the  a lky l  chain with t h e  adsorbent and the  amino group 

present a t  t he  d i s t a l  end of t h e  a lky l  chain, respectively.)  Acidic 

pro te ins  (P I  7) are negatively charged a t  t h i s  pH. Hence, the 

e l e c t r o s t a t i c  double l aye r  i n t e rac t ion  between the  p ro te in  and ad- 

sorbent i s  a t t r a c t i v e .  

H I C  w a s  demonstrated by Wilchek and Miron4’ who compared a-alkyl- 

aminoagaroses (buty l  and hexyl) which were pos i t i ve ly  charged a t  

pH = 8 with ace ty la ted  aklylamino agaroses which were uncharged a t  

t h a t  pH. 

re ta ined  on the alkylamino agaroses (and e lu t ed  upon r a i s i n g  the  

i o n i c  s t r eng th ) ,  they w e r e  unretained on the  ace ty la ted  adsorbents. 

The r e t en t ion  of these pro te ins  had been dominantly caused by double 

l aye r  forces.  Bovine serum albumin, on the  o ther  hand, was s t rongly  

re ta ined  on both charged and uncharged adsorbents. 

a t t r a c t i o n  i n  t h i s  case is s t rong  enough t o  cause r e t en t ion  even i n  

the  absence of a t t r a c t i v e  double l aye r  forces.  

by J o s t ,  e t  al.,’* who compared charged alkylaminoagaroses with un- 

charged a lky l  hydrazide agaroses. 

were re ta ined  only on the  charged adsorbents, bovine serum albumin 

was re ta ined  on both the  charged as w e l l  as the  uncharged adsorbents. 

(By a and w amino groups, w e  mean the  amino group 

The importance of e l e c t r o s t a t i c  (double layer )  i n t e rac t ions  i n  

While negatively charged ovalbumin and a-lactalbumin were 

The van der  Waals 

Iden t i ca l  behavior of these  pro te ins  w a s  observed i n  a study 

While ovalbumin and a-lactalbumin 

I n  o the r  ins tances ,  r e t en t ion  is  mostly due t o  none lec t ros t a t i c  

(van der  Waals) a t t r a c t i v e  forces  r a the r  than e l e c t r o s t a t i c  (double 

l aye r )  forces.  

of hemoglobin, phosphorylase b ,  lysozyme and ery throcytes  on charged 

a lky l  amino agaroses were l a rge ly  i d e n t i c a l  with the  e l u t i o n  p r o f i l e s  

on uncharged ace ty la ted  alkylamino agaroses. S imi la r ly ,  t he  e lu t ion  

p r o f i l e  of e ry throcytes  on alkylamino agaroses w a s  e s s e n t i a l l y  un- 

S h a l t i e l ,  et a1.,7 observed t h a t  t h e  e lu t ion  p r o f i l e s  
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310 SRINIVASAN AND RUCKENSTEIN 

TABLE 

Experimental Evidence - Section 5A & B -- 
(*N.B.: For the  explanation of t he  

EG - ethylene g lycol ;  

Entry Frac t ion  D and its 
B R e f .  A&ohbent/Protein(s) Elu t ion  Procedure* 

(Additives o r  pH 
manipulations required 

t o  cause e l u t i o n  by 
manipulating the  

e l e c t r o s t a t i c  double 
layer  i n t e rac t ion )  

1. 

2. 

3. 

4 .  

5. 

6 .  

7. 

8. 

120 

120 

120 

120 

120 

120 

120 

120 

p hen@ bLLtyRamine absent 

s i n  

phenyLbutyLamine ( 1 M  NaC1) 
a g w b e l s e r u m  
albumin 

a$VWbeIa-chymo tryp- 

p hen yL but y M n e  
agahob e 1 ovalbumin 

phenyLbutyLamine agah- 
oh el chymo trypsinogen 

p henyLbLLty4hnine 

sinogen + OV + 
serum albumin 

A-ACTME (bee .text doh 
dohmukk) Ichymotrypsin, 
y-globulin , bovine 
serum albumin ( low 
i o n i c  s t rength)  

agahobel ChYm tryp- 

(1M NaC1) 

absent 

( 1 M  NaC1) 

absent 

(0 t o  1 M  N a C l  gradient)  
ovalbumin + serum 
albumin 

(1M NaC1) 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 311 

VI 
-Effects in the Low Ionic Strength Range 
different fractions A to E, see Table V 

TEAC-tetraethyl amonium chloride) 
~ 

Fraction E and its 
Elution Procedure* Details and Remarks 
(Additive required to 
cause elution by re- 
ducing the van der 
Waals attraction) 

(1M TEAC or 33VX EG + Does not bind to agarose without 

Fractions A to C absent. 

Does not bind to agarose without 
ligands, whether CNBr activated or not; 
Fractions A to C absent. (See Sect. 5H 
on Heterogeneity). 

1M NaC1) ligands, whether CNBr activated or not; 

(lM NaCl + 50V% EG) 

(1M NaCl + 50V% EG) 

(1M NaCl + 50V% EG) 

absent 

absent 

(50VX EG + 1M NaC1) 
serum albumin + 
= ovalbumin 

see remarks 

See Sect. 5H on Heterogeneity and note 
[Fraction D] > [Fraction El. 

Binds to CNBr activated agarose but can 
be eluted without changing the eluant 
(Fraction B); see also Sect. 5.C.c. 

Binding mostly caused by electrostatic 
double layer attraction. 

Can be eluted in a broad peak without 
modifying eluant (Fraction C), see text. 

See discussion on heterogeneity in 
Sect. 5H; chymotrypsinogen was unre- 
tained. 

Elution occurs better with the salting- 
in salt 1M TEAC (than with 1M NaC1). 
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312 SRINIVASAN AND RUCKENSTEIN 

TABLE VI 

Entry Frac t ion  D and i t s  
II Ref. Adbohbent/Protein(s) Elu t ion  Procedure* 

(Additives o r  pH 
manipulations required 

t o  cause e lu t ion  by 
manipulating t h e  

e l e c t r o s t a t i c  double 
l a y e r  i n t e r a c t i o n )  

9. 

10. 

11. 

12. 

13. 

14. 

119 

12 7 

12 8 

129 

130 

47 

polyaminomethyl bZy- 
heneta mixture of 
several dehydrogenases 
and human serum albu- 
min 0.067MY pH 8 

u,w diamino decyl 
agahobelhepat i t i s  B 
su r face  an t igen  (0.01M 
Tris buf fe r  pH 7.2) 

u,w diaminohexyl 
agahobelextract  con- 
t a in ing  glycogen 
phosphorylase; low 
i o n i c  strength,pH 7.2 

u , amino hexyl 
agarrobel t ry sp in  
t r e a t e d  e x t r a c t  of 
a c e t y l  cho l i e s t e ra se  

a amino pmpyl 
agahobetpotato j u i c e  
containing pota to  
phosphorylase 

u amino a l h y l  

sinogen, chymotrypsin 
and lysozyme pH 8, 
low i o n i c  s t r eng th  

agahobelA-chpotryp- 

l a c t a t e  and a lcohol  
dehydrogenases and 
serum albumin (pH 8 
t o  5, N a C l  0 t o  0.2M) 

(0.8M NaC1) 

(0.2M Na2S04) 

(0.4M s a l i n e )  

(0.3M NaC1) 

absent 
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Continued 

313 

Fraction E and its 
Elution Procedure* Details and Remarks 

(Additive required t o  
cause e lu t ion  by re- 

ducing the  van der  
Waals a t  t r a c t  ion) 

not t e s t ed  

4M NaSCN 

not t e s t e d  

0.2M t e t r a e t h y l  
iod ide  

no t  tested 

absent 

3 hydroxy butyra te  hydrogenase could be 
e lu t ed  i n  an inac t iva t ed  form a t  2.5M 
N a C 1 ,  pH 3 ( i n  genera l ,  40 t o  70% 
recovery of a c t i v i t y ) ;  malate and 
i s o c i t r a t e  dehydrogenase were unretained. 

Note t h a t  a sa l t ing- in  sa l t  is used f o r  
e lu t ion .  

Pro te ins  were unretained but t he  enzyme 
w a s  re ta ined  and e lu ted  i n  Frac t ion  D. 

Note t h a t  a sa l t i ng - in  s a l t  i s  used f o r  
e lu t ion .  

Pro te ins  were unretained but t h e  enzyme 
w a s  re ta ined  and e lu t ed  i n  Frac t ion  D. 

A t  pH 8, t he  adsorbent and pro te ins  are 
pos i t i ve ly  charged. A l a r g e  f r ac t ion  is  
unretained due t o  double l aye r  repul- 
s ion .  In  oc ty l  agarose, the  van der 
Waals a t t r a c t i o n  overcomes the  repul- 
s ion  t o  some exten t  and causes weak 
binding. 
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TABLE V I  

Entry Fraction D and i t s  
# Ref. Achohbent/Protein(s) Elution Procedure* 

(Additives o r  pH 
manipulations required 

t o  cause e lu t ion  by 
manipulating t h e  

e l e c t r o s t a t i c  double 
l aye r  i n t e rac t ion )  

15. 131 w cahboxy, a amino absent 
agcvwbellipoamide 
dehydrogenase; pH 
7.2, low ion ic  
s t r eng th  

16. 132- N-(3-cahboxy 
135 pmpiongL) &no 

decyL agahobe 
CPAV-alasparate 
transcarbamoylase, 
membrane pro te ins  
of  t he  human 
erythrocyte "ghost ," 
e tc .  

17. 136 d k y L  amino glycyl ,  
agaJwbc.5 ?2 6-amino 
capmyL amino d k y L  
agahoAeblf3-hydroxy 
butyra te  dehydrogen- 
as8 (pH 8.0 low i o n i c  
s t rength) 

see remarks 

not observed 

a l t e r e d  when the  sur face  charge of t he  c e l l s  was considerably re- 
duced by treatment with neuraminidase 118 . 

The importance of none lec t ros t a t i c  (van der  Waals) a t t r a c t i o n  is 

h ighl ighted  by the  obaervation t h a t  pro te ins  which a r e  e l e c t r i c a l l y  
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Continued 

315 

Frac t ion  E and i t s  
Elution Procedure* 

~ ~~~~~ 

Deta i l s  and Remarks 
~~ ~~~~ 

(Additive required t o  
cause e lu t ion  by re- 
ducing the  van der  
Waals a t t r a c t i o n )  

absent 

see remarks 

not  observed 

Double l aye r  repuls ion  dominates over 
van de r  Waals a t t r a c t i o n  and prevents 
binding; thus,  a l l  of t h e  enzymes w e r e  
unretained i n  the  propyl t o  hepty l  
adsorbents. 

Discussed i n  d e t a i l  i n  Sect. 5.B. 

Repulsive double l aye r  forces  prevent 
s t rong  r e t en t ion ;  e lu t ed  i n  a s i n g l e  
f r a c t i o n  which s h i f t e d  from A t o  C from 
t h e  C3 t o  the  C 
be e lu t ed  from $he C 
t he  van de r  Waals a t i r a c t i o n  is  very 
strong. 

absorbent; could not 
adsorbent s ince  

no t  much d i f f e r e n t ,  e.g. ,  r ibonuclease (PI = 9.7),  cytochrome C ( P I  

= 9.8) and t ryps in  (P I  = 10.8) show q u i t e  d i f f e r e n t  ex ten t s  of bind- 

ing  on polyaminomethyl s tyrene  . 119 
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316 SRINIVASAN AND RUCKENSTEIN 

Having noted t h a t  both e l e c t r o s t a t i c  and none lec t ros t a t i c  

i n t e rac t ions  cont r ibu te  towards r e t en t ion ,  some experimental r e s u l t s  

can now be discussed i n  d e t a i l .  

Hofstee’” s tud ied  t h e  binding of many pro te ins  t o  4-phenyl 

bu ty l  amine agarose (A PBA) and c-Amino-Caproyl-D-Tryptophan Methyl 

Ester agarose (A-ACTME), as wellastobothuntreatedandCNBr-activa- 

t ed  forms of the  agarose matrix carrying no l igands.  

For both A-PBA and A-ACTME, binding was i n  general  s t ronger  

than e i t h e r  t o  t h e  untreated o r  t h e  ac t iva t ed  forms of the  agarose 

matrix. I n  the  absence of t he  add i t iona l  van der  Waals a t t r a c t i o n  

and t h e  double l a y e r  a t t r a c t i o n  t h a t  the ligands introduce, t h e  

matrix is unable t o  create an energy w e l l  adequately deep f o r  s t rong  

re ten t ion .  

From A-PBA, f o r  most of t h e  p ro te ins ,  a f r a c t i o n  e lu t ed  upon 

r a i s i n g  the  i o n i c  s t r eng th  (Fraction D of Table V), the remainder 

being e lu t ed  by supplementing the higher i o n i c  s t r eng th  with e thylene  

g lycol  o r  a sa l t ing- in  salt, t e t r a e t h y l  ammonium chlor ide  (Fraction 

E). 
l e r  when a high i o n i c  s t r eng th  was not  maintained simultaneously. 

This shows t h a t  no t  only the  van de r  Waals a t t r a c t i o n  has t o  be 

reduced by addi t ion  of ethylene glycol,  but t h e  double l aye r  a t t r ac -  

t i o n  i f  any, has t o  be annulled by keeping a high i o n i c  s t rength ,  in  
order t o  e l u t e  the s t rongly  r e t a ined  Frac t ion  E, i n  th i s  p a r t i c u l a r  

case. 

The amount e l u t i n g  i n  the  presence of e thylene  g lycol  w a s  smal- 

With A-ACTME, f o r  t h e  majority of t he  p ro te ins ,  t h e  amount of 

p ro te in  e l u t i n g  upon r a i s i n g  the  i o n i c  s t r eng th  ( r e l a t i v e  t o  the  

amount e l u t i n g  upon adding ethylene glycol) is higher than wi th  A- 

PBA. This r e f l e c t s  t h a t  t he  double l aye r  a t t r a c t i o n  has a l a r g e r  

cont r ibu t ion  than the  van de r  Waals a t t r a c t i o n  towards p ro te in  bind- 

ing  t o  A-ACTME. 

While chymotrysin shows the  h ighes t  a f f i n i t y  f o r  A-PBA, 

chymotrypsinogen, the  precursor t o  the  enzyme, shows the  lowest. 

Hofstee”’ explained t h i s  on t h e  b a s i s  of t h e  propos i t ion  t h a t  t he  

s i t e  which binds nonpolar molecules is unmasked only a f t e r  t h e  

ac t iva t ion  of t h e  zymogen 121’122. The e s s e n t i a l  outcome of t he  
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exposure of such nonpolar sites can be seen as an inc rease  i n  the  

van de r  Waals a t t r a c t i o n  wi th  the  adsorbent s ince  t h e  su r face  of 

t h e  adsorbate becomes less hydrophi l ic  and thus ,  i t s  a t t r a c t i o n  

wi th  t h e  aqueous medium i s  reduced; i n  addi t ion ,  t he  a c t i v a t i o n  of 

chymotrypsinogen i s  known t o  involve the  formation of a buried 

i n t e r n a l  i 0 n - p a i 1 - l ~ ~  ind ica t ing  t h a t  t he  enzyme possibly has a 

lesser p o s i t i v e  charge than the zymogen and hence, s u s t a i n s  a 

smaller double l aye r  repuls ion  with t h e  pos i t i ve ly  charged adsorbent 

S i m i l a r  t o  t h e  above-cited e f f e c t  of enzyme a c t i v a t i o n ,  pH 
changes can a l s o  modify p ro te in  binding i n  an un-straightforward 

manner. 

Pos i t ive ly  charged lysozyme (PI = 10) emerges unbound from 

pos i t i ve ly  charged a-amino decyl agarose as w e l l  as from t h e  un- 

charged ace ty la ted  version of t h i s  adsorbent a t  pH = 7. 
ducing t h e  pH t o  2 ,  however, i t  has a much l a r g e r  res idence  t i m e  on 
both adsorbents, desp i t e  its higher pos i t i ve  charge a t  t h i s  pH. A s  

t h e  experimenters7 in fe r r ed ,  a conformational change caused by t h e  

reduction i n  pH is  possibly responsible f o r  t h i s  observation. 

pH = 7, t he  Hamaker coe f f i c i en t  f o r  t he  t o t a l  van d e r  Waals in t e r -  

ac t ion  of lysozyme with the  adsorbent i s  probably very smal l  o r  even 

negative.  

medium, rendering the  sur face  less hydrophilic thus ,  reducing i t s  

a t t r a c t i o n  wi th  water. Consequently, AFS2, %32, and the  van de r  

Waals a t t r a c t i o n  between the  p ro te in  and adsorbent are increased. 
7 The c i t a t i o n  by S h a l t i e l  

binds  hydrocarbon^'^^ supports t h i s  i n t e rp re t a t ion .  

Upon re- 

A t  

A t  pH = 2, more nonpolar res idues  are exposed t o  the  

t h a t  a t  pH = 2, lysozyme increas ingly  

Several  such experiments ( e n t r i e s  1 t o  1 3  i n  Table V I )  demon- 

s t r a t e  t h e  cooperation of e l e c t r o s t a t i c  double l aye r  forces  with 

the  none lec t ros t a t i c  van de r  Waals a t t r a c t i o n  i n  causing r e t en t ion  

of pro te ins  on H I C  adsorbents. The recur ren t  observation is  t h a t ,  

while t h e  presence of hydrocarbonaceous l igands  i s  necessary f o r  

binding t o  occur, a t  least a f r a c t i o n  of the  bound p ro te in  can be 

e lu t ed  by increas ing  the i o n i c  s t rength .  
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318 SRINIVASAN AND RUCKENSTEIN 

B. Low Ionic  Strength Range - Repulsive Double Layer Forces 

A s  evident from the  above discussion, the charges i f  any, on 

H I C  adsorbents a r e  i n  general  pos i t i ve ,  a r i s i n g  from t h e  d issoc ia-  

t i o n  of amino groups. 

(Cl0) a lky l  l igands  and become negatively charged through the  

d i s soc ia t ion  of carboxyl groups. 

t he  pro te in  and t h e  adsorbent are negatively charged, i t  is  then 

poss ib le  t o  cont ro l  the  ex ten t  of binding by tuning the  e lec t ro-  

s t a t i c  double l aye r  repulsion. 

Yon132 synthesized adsorbents t h a t  car ry  long 

Operating a t  a pH a t  which both 

By coupling i n  sequence diamino decane and succ in ic  anhydride 

t o  C N B r  ac t iva ted  agarose, 

amino decyl agarose (CPAD-a) which i s  negatively charged134 above pH= 

8.0. 

a t  various pH (5 t o  9.5), a t  low ion ic  s t rength .  For pH < 8, the  

p ro te in  was bound and a minor amount (Fraction D) e lu t ed  upon addi- 

t i o n  of 0.5M N a C 1 ,  the  rest e lu t ing  when a detergent was added. For 

pH 2 8, t h e  amount of p ro te in  t h a t  emerges unbound increased, a t  the  

expense of the  detergent-eluted f r ac t ion .  For pH 2 8, r a i s i n g  the 

ion ic  s t rength  d id  not  e l u t e  any pro te in .  

prepared N-C3 carboxy propionyl 

The binding of bovine serum albumin (PI  = 4.9) was attempted 

For pH between 5 and 8, BSA i s  negatively charged while t h e  

adsorbent i s  pos i t i ve ly  charged, Hence, e l e c t r o s t a t i c  double l aye r  

a t t r a c t i o n  cooperates wi th  the  van der Waals a t t r a c t i o n  t o  cause 

binding, The la t ter  a t t r a c t i o n ,  however, i s  by i t s e l f  s t rong  enough 

t o  keep t h e  p ro te in  bound. Hence, only a minor amount e l u t e s  when 

the  double layer  a t t r a c t i o n  i s  c u r t a i l e d  by r a i s ing  the  i o n i c  

s t rength .  

A t  pH 2 8, both p ro te in  and adsorbent are negatively charged. 
The ensuing double l aye r  repulsion generates an insurmountable poten- 

t i a l  b a r r i e r  f o r  a f r ac t ion  (A) of the  pro te in  which emerges unbound. 

(Such e lu t ion  of a s i n g l e  p ro te in  i n  d i f f e r e n t  f r ac t ions  is caused 

by poss ib le  he te rogenei t ies  i n  the  dissolved pro te in  and i n  the  ad- 

sorbent,  which a r e  discussed i n  Section 5 . H ) .  For some o the r  f rac-  

t i on ,  the  van de r  Waals a t t r a c t i o n  is  s t rong  enough t o  moderate the  

po ten t i a l  b a r r i e r  and cause re ten t ion .  As the  pH i s  r a i sed ,  t he  
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 319 

repuls ion  ga ins  s t r eng th  thus increas ing  t h e  f r a c t i o n  t h a t  emerges 

unbound. 

pulsion and s t rengthen  the  re ten t ion .  

pu r i fy  t h e  enzyme aspa r t a t e  t r a n s ~ a r b a m o y l a s e ~ ~ ~  which i s  negat ive ly  

charged f o r  pH 2 8. 

column of CPAD-a at  pH 8. 

unbound (Fractions A and B). Another f r a c t i o n  which was poss ib ly  

pos i t i ve ly  charged, e lu t ed  upon adding 0.2M NaC1. Pur i f i ed  enzyme 

was e lu t ed  by resuming the  low i o n i c  s t r eng th  and r a i s i n g  the  pH 

(thus strengthening t h e  double l aye r  repulsion) o r  by adding sodium 

deoxycholate o r  acetone. 

Yon133 obtained b e t t e r  p u r i f i c a t i o n  of a s p a r t a t e  t ranscar -  

bamoylase by passing i t s  e x t r a c t ,  i n  sequence, through N-pyromellityl 

aminodecyl agarose (PMAD-a) and CPAD-a, t he  former adsorbent bearing 

a h igher  magnitude of nega t ive  charge. While the  unwanted p ro te ins ,  

possibly pos i t i ve ly  charged, were re ta ined ,  t he  enzyme emerged un- 

bound from PMAD-a due t o  the  insurmountable p o t e n t i a l  b a r r i e r .  On 

the  CPAD-a, however, t h e  enzyme was re ta ined  s ince  t h e  p o t e n t i a l  

b a r r i e r  w a s  moderate. 

(strengthening t h e  double l aye r  repulsion) and by adding a detergent 

(which f a c i l i t a t e s  e lu t ion  mechanisms discussed i n  Section 3.D.e). 

Raising t h e  i o n i c  s t r eng th  would only e l imina te  t h e  re- 

Yon used t h i s  approach t o  

A crude e x t r a c t  of the  enzyme w a s  applied t o  a 

Most of t he  unwanted p ro te ins  emerged 

Elu t ion  w a s  achieved by r a i s i n g  the  pH 

Yon and S i m m ~ n d s l ~ ~  compared the  binding of t h i s  enzyme t o  

t h r e e  adsorbents: a-amino Dodecyl agarose (DS-a), a,w-diamino 

decyl agarose (ADS-a), and CPAD-a. DS-a and ADS-a are pos i t i ve ly  

charged a t  pH 8.5; t he  l a r g e  van der  Waals a t t r a c t i o n ,  i n  coopera- 

t i o n  wi th  the  double l a y e r  a t t r a c t i o n  sets up a very deep energy 

w e l l .  Hence, a t  t h i s  pH, the  enzyme i s  bound t o  DS-a and ADS-a 

extremely, defying a l l  methods of e lu t ion .  On CPAD-a, however, t h e  

binding was  moderate and r eve r s ib l e ,  due t o  reasons discussed above, 

e spec ia l ly  repuls ive  double l a y e r  forces .  

Yon and S i m ~ o n d s l ~ ~  observed t h a t  t he  amount of enzyme bound, 

as w e l l  as t h e  s t r eng th  of binding t o  CPAD-a were h igher  i n  the  

presence of 0.7M sodium phosphate o r  2 M  sodium ace ta t e ;  i n  the  

absence of these  salts  ( a t  low i o n i c  s t r eng th )  r a i s i n g  t h e  pH 
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320 SRINIVASAN AND RUCKENSTEIN 

could e l u t e  the  enzyme, bu t  i n  t h e i r  presence, the  pH change had no 

appreciable e f f e c t .  This observation i s  explained by t h e  f a c t  t h a t  

t h e  double l aye r  repuls ion  between adsorbent and p ro te in ,  as w e l l  as 

pH e f f e c t s  on t h i s  repuls ion ,  are e f f e c t i v e l y  annulled a t  t h e  high 

i o n i c  s t rength .  In  the  presence of 2M sodium ace ta t e ,  a l yo t rop ic  

sa l t ing-out  e f f e c t  may a l s o  have been respons ib le  f o r  t h e  increased 

binding. 

Simmonds and Yon135 s tudied  the  binding of membrane pro te ins  

from the  human ery throcyte  "ghost" t o  CPAD-a, with 0.33VZ sodium 

dodecyl s u l f a t e  i n  the  eluant.  

t h e  pH from 4 t o  12 i n  a gradien t ,  

Elution was attempted by increas ing  

Glycophorin, l a rge ly  a carbohydrate, sus ta ined  a weak van de r  

Waals a t t r a c t i o n  with t h e  hydrocarbonaceous adsorbent. The presence 

of detergent f u r t h e r  weakened t h i s  a t t r a c t i o n  and hence glycophorin 

emerged unbound. 

confused wi th  "Fraction E" of the  present  paper),  containing a rela- 
t i v e l y  high proportion of nonpolar res idues ,  e lu t ed  wi th  d i f f i c u l t y .  

The s t rength  of t he  double l a y e r  forces  i n  t h e  in t e rac t ion  of p ro te in  

E with t h e  adsorbent is apparently in s ign i f i can t  compared t o  t h a t  of 

t h e  none lec t ros t a t i c  van der  Waals a t t r a c t i o n .  This is indica ted  by 

the  f a c t  t h a t  p ro t e in  E remained bound a t  q u i t e  a l k a l i n e  pH values 

desp i t e  t he  prevalence of repuls ive  double l aye r  forces .  

8, the CPAD-a adsorbent w i l l  b e  negatively charged and the  amino ac id  
composition of p ro te in  E i nd ica t e s  t h a t  it is  an a c i d i c  p ro te in  

and hence would a l s o  be negatively charged.) 

w a s  d i s t r ibu ted  over t h e  e n t i r e  pH range ( ind ica t ing  e i t h e r  

heterogeneity of t he  p ro te in  o r  t h a t  s p e c t r i n ' s  attachment t o  o the r  

pro te ins  i n  the  mixture w a s  too  tenacious t o  be d is rupted  by the  ad- 

sorbent o r  t he  o the r  f ea tu res  of t he  experiment). 

Pro te in  E ( t he  name of t h i s  p ro te in  is no t  t o  be 

(For pH > 

135 

Elu t ion  of s p e c t r i n  

Some o ther  experimental r e s u l t s  ( en t r i e s  14 t o  17  i n  Table V I )  

a l s o  i l l u s t r a t e  t h e  p o s s i b i l i t y  of repuls ive  double l aye r  forces  

which oppose t h e  van de r  Waals a t t r a c t i o n  and thus mi t iga t e  the  

binding. 
experiments is t h a t  a reduction i n  binding occurs upon lowering t h e  

i o n i c  s t rength .  

In  t h e  low i o n i c  s t r eng th  range, a c h a r a c t e r i s t i c  of t hese  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDROPHOBIC INTERACTION CHROMATOGRAPHY 321 

C. High Ionic  Strength Range - Lyotropic S a l t  E f fec t s  

The numerous r epor t s  of H I C  separa t ions  based on lyo t rop ic  salt 

e f f e c t s  are summarized i n  Table V I I .  

a de t a i l ed  discussion. 

Some fea tu res ,  however, merit 

(a) Adsorbents Carrying Ionogenic Ligands. The t y p i c a l  proce- 

dure cons i s t s  of adsorbing t h e  pro te ins  a t  high concentrations of a 

sa l t ing-out  sa l t  such as ammonium s u l f a t e  and achieving d i f f e r e n t i a l  

e l u t i o n  by lowering t h e  concentration of t h i s  s a l t  i n  a linear 

gradien t  ( e n t r i e s  1 t o  1 3  i n  Table VII). This procedure is not  of 

recent  o r i g i n ,  however, and da te s  back t o  the  "salt ing-out chroma- 

tography" of Tise l ius141 and has been applied i n  a f f i n i t y  chroma- 

t o g r a p h ~ ' ~ ~ .  A t  t he  high i o n i c  s t r eng ths  employed, double l aye r  

i n t e rac t ions  are annulled and t h e  mechanism of r e t en t ion  rests i n  

t h e  modifications of t h e  mobile phase due t o  the  presence of salt- 

ing-out salts  which enhance the  van de r  Waals a t t r a c t i o n  between t h e  

p ro te in  and adsorbent, as discussed i n  Section 3.D.b. A s  t h e  salt 

concentration is reduced, t h i s  van d e r  Waals a t t r a c t i o n  is progres- 

s ive ly  reduced, causing d i f f e r e n t i a l  e lu t ion .  

adsorbent was introduced by Porath,  e t  al?8,*49 and HjertGn, e t  al. , 50 

and t h e  r e p o r t s a r e l i s t e d  as entries 14 t o  21 i n  Table V I I .  

a typ ica l  experiment is examined i n  d e t a i l .  

alcohols50 t o  unactivated agarose. 

used i n  t h e  chromatography of plasma p ro te ins ,  STN v i r u s  and yeas t  

c e l l s .  Retention occured a t  q u i t e  high i o n i c  s t r eng ths  (4M NaC1) 

a t  pH = 6.8. 
s t rength  down t o  1 M .  

t h e  i o n i c  s t r eng th  t o  0.01M. 

f r ac t ion  was  e lu t ed  by a raise i n  the  pH t o  9.6. 

he ld  f r a c t i o n  w a s  e lu t ed  by addi t ion  of 50V% propanol. 

(b) Adsorbents Carrying Non-ionogenic Ligands. This type  of  

Here, 

Hjerten,  et al . ,  synthesized H I C  adsorbents by coupling a l i p h a t i c  

The n e u t r a l  adsorbents were 

Major f r a c t i o n s  w e r e  e lu t ed  by reducing t h e  i o n i c  

Further f r a c t i o n s  were e lu t ed  by reduction of 
A t  t h i s  low i o n i c  s t rength ,  a minor 

The most s t rongly  

One may be l e d  t o  a sc r ibe  t h e  e l u t i o n  of major f r a c t i o n s  during 

the i o n i c  s t r eng th  reduction from 4 t o  l M ,  t o  a re juvenat ion  of re- 

puls ive  double l a y e r  forces  between p ro te ins  and adsorbent which had 
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322 SRINIVASAN AND RUCKENSTEIN 

been suppressed at  the  high i o n i c  s t rength .  Two f a c t s ,  however, 

stand aga ins t  t h i s  view. 

( i )  Although the  pro te ins  may be charged, the  adsorbent may no t  

car ry  any s i g n i f i c a n t  charge s ince  the  l igands  a r e  not  ionogenic 

and CNBr ac t iva t ion  was no t  used. A sur face  charge a r i s i n g  from 

the  adsorption of ions i s  not  ce r t a in .  

( i i )  I f  e l e c t r o s t a t i c  double l aye r  repuls ion  i s  somehowpossible, 

i t  w i l l  be annulled even a t  the  lower ion ic  s t r eng th  1M. Hence, 

what happens between t h i s  high ion ic  s t r eng th  and even higher i on ic  

s t r eng ths  (4M) cannot be adequately explained based on double l aye r  

i n t e rac t ions .  

A salt- induced enhancement of the  van de r  Waals a t t r a c t i o n ,  how- 

ever,  o f f e r s  a p l aus ib l e  explanation. Thus, a gradual decrease i n  

the  i o n i c  s t r eng th  d i f f e r e n t i a l l y  e l u t e s  t he  p ro te ins ,  j u s t  as with 

ionogenic adsorbents. 

may be explained by pH induced conformational changes i n  the  p ro te in  

( see  discussion i n  Section 3.D.c). 

very low i o n i c  s t r eng th  by a raise i n  the  pH possibly r e s u l t s  e i t h e r  

from enhancement of double l aye r  repuls ion ,  i f  any, o r  by pH-induced 

conformational changes of t h e  p ro te in  t h a t  reduce i ts  van de r  Waals 

a t t r a c t i o n  with t h e  adsorbent, ( a s d i s c u s s e d i n  Section 3.D.c). 

50 The e f f e c t  of pH a t  high i o n i c  s t r eng th  

Elution of minor f r ac t ions  a t  

(c) Adsorbents Without any Ligands. A s  summarized i n  e n t r i e s  

22 t o  25 i n  Table V I I ,  q u i t e  a few repor t s  e x i s t  of p ro te in  binding 

t o  the  agarose matrix with no l igands ,  a t  high concentrations of 

phosphates o r  ch lor ides .  

von der  Haar'l', t he  mechanisms of p ro te in  adsorption onto uncoated 

agarose and onto hydrocarbon coated agarose a r e  thought t o  be 

d i f f e r e n t  147y150 

follows t h a t  t he  d i f f e rence  i s  probably only a matter of degree 

than kind. The t o t a l  (d i spers ion  + or i en ta t ion  + induction) van 

der  Waals a t t r a c t i o n  between p ro te in  and adsorbent, when s u f f i c i e n t l y  

increased by modifying the  so lvent  medium with the  addi t ion  of s a l t -  

ing-out salts ,  can cause r e t en t ion  even on adsorbents without a l k y l  

l igands.  Alkyl l igands ,  however, o f f e r  an add i t iona l  means of in- 

creasing t h i s  a t t r a c t i o n .  

With the  exception of a suggestion by 

From the  discussion i n  t h i s  paper,  however, i t  
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That the  adsorption mechanisms are perhaps the  same i n  the  two 

cases is  supported by an observation due t o  H ~ f s t e e l ~ ~  t h a t  ethylene 

g lycol  a t  50V% can e l u t e  y-globulin from both uncoated agarose and 

agarose coated wi th  butylamine, the  p ro te in  having been re ta ined  a t  

high sal t  concentrations.  

Such r e t en t ion  on adsorbents without any l igands is  s i m i l a r  t o  

t h e  r e t en t ion  of hydrophilic p ro te ins  (e.g., serum pro te ins )  on 

adsorbents with a lky l  l igands ( i n  t h a t  i n  both cases the  binding 

is  not as  s t rong  as t h a t  f o r  hydrophobic pro te ins  on hydrocarbon- 

coated adsorbents).  In  the  absence of a lky l  l igands ,  t h e  van der  

Waals a t t r a c t i o n  between p ro te in  and adsorbent has t o  be increased 

- v i a  t h e  addi t ion  of sa l t ing-out  salts, while with t h e  hydrophilic 

serum prote ins ,  t h i s  a t t r a c t i o n  is  j u s t  s u f f i c i e n t  t o  cause reten- 

t i o n  . 74 

A noteworthy element i n  the  experiments summarized i n  Table V I I  

is t h a t  r e t en t ion  of a p ro te in  occurs a t  a concentration (of a s a l t -  

ing-out s a l t )  less than t h a t  required f o r  p r e c i p i t a t i n g  the  p ro te in  

out  of so lu t ion .  

Haar'l', r e c a l l i n g  t h e  d iscuss ion  on lyo t rop ic  salt e f f e c t s  i n  Sec- 

t i o n  3.D.b, a mechanism f o r  t h i s  phenomenon can be proposed i n  the  

l i g h t  of t h e  present  i n t e r p r e t a t i o n  as follows: 

Complementing an e x i s t i n g  explanation by von der  

132 A sa l t ing-out  sa l t  increases  the  Hamaker coe f f i c i en t  A 

corresponding t o  the  protein-adsorbent i n t e rac t ion  as w e l l  as A 

f o r  t he  protein-protein in t e rac t ion .  The n e t  van de r  Waals a t t r ac -  

t i o n  i n  each case,  however, i s  given by a product of A132 o r  A 

and the  corresponding geometric term (Eq. 4). This term i s  l a r g e r  

f o r  the  in t e rac t ion  of a (pro te in)  sphere with a semi- inf in i te  

p l a t e  (adsorbent) than f o r  t h e  in t e rac t ion  of two such spheres 

(pro te in  molecules). Hence, less of t h e  sa l t ing-out  salt  i s  re- 

quired t o  cause r e t en t ion  than f o r  p r e c i p i t a t i o n  out of so lu t ion .  

Hofmeisterlo7 on the  r e l a t i v e  a b i l i t i e s  of d i f f e r e n t  ions i n  pre- 

c i p i t a t i n g  euoglobins from aqueous so lu t ions  l e d  t o  the  arrangement 

of ions i n  the  order  of increas ing  "salt ing-out po ten t ia l" .  

is known as t h e  Hofmeister o r  l yo t rop ic  series: 

2 32 

2 32 

(d) I l l u s t r a t i o n  of Salt-Specific Ef fec ts .  The ea r ly  study by 

This 
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324 SRINIVASAN AND RUCKENSTEIN 

TABLE 
Experimental Evidence; Section 

(Concentration (not ionic strength) of 

Entry Retention Occurring in 
I Ref. AdbohbentlProteins the presence of 

43 

137 

44 

138 

139 

139 

139 

140 

145 

L-v&ne agahobf2 f cell 
free extract from E. 
Coli strain 12 

1M K2P04 

a-amino mcthyt agahohel 
phosphorylase b 

L-pheMLjhtaninQ agWWhQ/ 
human placental alkaline 
phosphatase 

caphytyt hyhzide 
agahohelovalbmin + 
B-lactaglobulin C 
bovine aerum albumin 

a-aminop&opyt agatrohel 
t ryp tophanase 

~-&flOp~pyt agahobC.1 
asparto kinase I - 
homoserine dehydrogen- 
ase I 

a-amino pm p yl agatro he/ 
6-galactosidase 

1 0  m b o x y  a-amino 

bty negaZLvdy chahged 
at pH 8.5)lcell free 
extract containing 
alcohol dehydrogenase 
pH 8.5 

dauno m ydn- w - amino 
cahboxy pentyt agah- 
OhQlnonhistone proteins 
from an extract of rat 
lukemia cells 

decyt agWlOhQ (pOhhi- 

1.1M (NH4I2SO4 

1.25M (NH4)2S04 

1.OM Na2S04 

1.2M (NH4)2S04 

0.5M KC1 + 0.5M (NH4>2 
so4 

0.5M NaCl + 0.4M (NH4)2 
s04 
1. OM K2HP04/ KH2P04 

4M NaCl 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 325 

V I I  

5C - 7 y o t r o p i c  S a l t  E f f e c t s  

salts  i s  given,  u n l e s s  mentioned o therwise)  

E l u t i o n  w a s  Achieved by 

g r a d i e n t  t o  0.1M K2P04 

Remarks and Details 

P r o t e i n s  e l u t e d  i n  decreas ing  
o r d e r  of t h e  amount of (NH4)2S04 
needed t o  p r e c i p i t a t e  them o u t  of 
aqueous s o l u t i o n .  

The enzyme w a s  unre ta ined  when 
in t roduced  wi thout  any (NH4)2S04. 

s t e p  t o  0.OM (NH4)2S04 

i n  s t e p s  t o  0.05M 
The enzyme e l u t e d  between 0.75M 
and 0.5M. 

i n  s t e p s  t o  O.OM Na2S04 The p r o t e i n s  e l u t e d  s e p a r a t e l y ;  
OV (1M) , BLG (0.75M) and BSA 
(0.OM). 

g r a d i e n t  t o  0.OM (NH4)2 

s04 

g r a d i e n t  t o  0.5M KC1 

g r a d i e n t  t o  0.5M N a C l  

i n  s t e p s  t o  0.067M 
K2HP04/KH2P04 

i n  s t e p s  t o  1 . O M  N a C l  

5 f o l d  p u r i f i c a t i o n  w a s  obtained.  

See Sect .  5.C.d. f o r  d i s c u s s i o n  
of s a l t - s p e c i f i c  e f f e c t s .  

Apart from l y o t r o p i c  s a l t i n g - o u t  
e f f e c t s ,  suppress ion  of e l e c t r o -  
s ta t ic  double l a y e r  r e p u l s i o n  a t  
t h e  h igher  i o n i c  s t r e n g t h s  may 
have been r e s p o n s i b l e  f o r  re ten-  
t i o n ,  e s p e c i a l l y  of t h e  f r a c t i o n  
t h a t  e l u t e d  a t  v e r y  low i o n i c  
s t r e n g t h .  

F u r t h e r  f r a c t i o n s  e l u t e d  by 
adding 20% g l y c e r o l ,  pH 7.5. 
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326 SRINIVASAN AND RUCKENSTEIN 

TABLE VII 

Entry Retention Occurring in 
# Ref. Adbo/rbent/Proteins the presence of 

10 146 Spmfl  - 300 ( b y n t h d c  2.5 molllit KC1 pH 6.2 
polymm) /Lysozyme 

11 146 SpehOfl - 300 ( b y n t h d c  36 W% (NH412S04 
palymm) /human serum 
proteins 

12 146 SpWn - 300 (byn th&k 20 W% (NH4>2S04 
palymeh) /extract of hog 
pancreatic amylase 

13 146 S p W n  - 300 (bynthe,Cic 0.75 molllit KC1 
pdyt%i?h) /human serum 
albumin + chymotrypsino- 
gen + lysozyme, pH 5.65 

14 49 Beflzyl e.the,t agahObe/ 3M NaCl,pH3 
kidney bean extract 

15 50 pent@ &he,t agahobel 4M NaC1, pH 6.8 
plasma proteins 

16 50 hexy l  & h a  agambel  4M NaCl 
extract of 8-glucosi- 
dase and CM-cellulase 
from Trichoderma viride 

17 50 dodecyl & h a  agambel  4M NaCl 
satellite tobacco 
necrosis virus 

18 50 napihtjl e t h m  agahobel 4M NaCl 
Baker's yeast 

19 154 o c t y l  & h a  agahobel 0.6M K2P04 
hisidine decarboxy- 
lase 
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Continued 

Elu t ion  w a s  Achieved by Remarks and Details 

Elu t ion  could a l so  be  due t o  repul- 
s ive  double l aye r  fo rces  

i n  a s t e p  t o  O.OM K C 1  

g rad ien t  t o  0% (NH ) 2 S 0 4  
(simultaneous gradten t  of 
0 t o  50 V% EG) 

gradien t  t o  0% (NH ) SO 
( the  la t ter  ha l f  04 $hi$ 
gradien t  accompanied by a 
grad ien t  of t-butanol from 
0 t o  60 V%) 

gradien t  t o  0 . O M  K C 1  Possibly,  repuls ive  double l a y e r  
forces  a r e  involved; good separa t ion  
resu l ted .  

( i )  raise pH t o  7.5; Each s t e p  e lu ted  a f r ac t ion ;  the  pH 
( i i )  switch t o  O.OM NaC1; e f f e c t  a t  high ion ic  s t r eng th  i s  
( i i i )  add 50 V% EG; probably due t o  a conformational 
( i v )  add 50 V% glycero l  change of pro te ins  (Sect. 3.D.c). 

i n  s t e p s  t o  O.OM N a C l  Further f r ac t ions  e lu t ed  by r a i s i n g  
pH t o  9.8 and adding propanol (see 
t e x t ) .  

g rad ien t  t o  0.OM N a C l  

gradient t o  O.OM N a C l  

g rad ien t  to  O.OM N a C l  

s t eps  t o  0.005M K2P04 

Note t h a t  the  adsorbate p a r t i c l e s  a r e  
much l a r g e r  than pro te ins .  

Note t h a t  the  adsorbate p a r t i c l e s  a r e  
much l a r g e r  than pro te ins .  

Further f r ac t ions  were e lu t ed  by 
adding 50 V% ethylene g lycol .  
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TABLE V I I  

~~~ 

Entry Retention Occurring i n  
# Ref, Addokbent/Proteins the presence of 

20 

2 1  

22 

23 

143 

144 

110 

149 

b d y l  and pen ty l  d h m  
agahoba /phosphoprotein 
phosphatases from rat- 
l i v e r  cell-sap 

phenyL e t h a  a g m o b e l  
snake venom containing 
cardiotoxin and phos- 
pholipase A2 

agambe. (no f i g a n d d ) /  
a mixture of aminoacyl 
t-RNA synthetases 

a g m o b e  (no figandd 1 I 
t-RNA of E. Coli 

3M N a C l  pH 7.5 

1.5M (NH4) 2S04 

50 wtX (NH4I2SO4 

1.3M (NH4)2SO4, PH 4.5 

24 148 agahobe (no figUVldb)/ 2.5M (NH4)2S04 
a na tu ra l  mixture of 
halophi l ic  bac te r i a l  
proteins  

25 147  CN& activated 3M o r  0.3M N a C l  
agahobe (no Ugandd I I 
y-globulin 

+ Li' < Na' < K+ < NH4' < Rb' < C s  
i 

SCN- < I- < NO3- < Br- < C1- < F- < SO4 (19) 

A cha rac t e r i s t i c  f ea tu re  of t h i s  series is t he  spec i f i c i ty  exhibited 

by d i f f e ren t  ionic species t h a t  have the same valence and sign. 
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Continued 

329 

Elu t ion  w a s  Achieved by Remarks and Details 

s t eps  t o  O.OM N a C l  at  pH 7.5 

gradien t  t o  0.2M (NH4)2S04 Cardiotoxin e lu t ed  between 0.8M 
and 0.4M and thus w a s  separated 
from phospholipase A2, whichdidnot  
e l u t e  even at 0.OM (NH4)2S04. 

Elut ion  and presumably adsorption 
occur a t  a [(NH ) S O  ] about 10% 
lower than that4rzqugred f o r  pre- 
c i p i t a t i o n  from so lu t ion .  

grad ien t  t o  30% (NH4)2S04 

gradien t  t o  O.OM (NH4)pS04, 
pH 4.5 

A t  pH 7.5, no binding occured even 
a t  1.3M ( N H 4 )  SO4, possibly due t o  
conformational changes of  t he  
adsorbate (Sect. 3. D. c )  . 

gradien t  t o  0.75M (NH4)2S04 The enzymes malate dehydrogenase 
glutamate dehydrogenase, and as- 
p a r t a t e  amino t r ans fe ra se  e lu ted  
i n  the  decreasing order  of t he  
amount of (NH4)2S04 needed t o  
p r e c i p i t a t e  them out  of aqueous 
so lu t ion .  

adding 50 V% EG See discussion i n  Sect.  5.C.c. 

S i m i l a r  arrangements of ions have been observed i n  H I C  and are 

b r i e f l y  noted here.  

Raibaud, e t  a1.,13’ s tud ied  t h e  e f f e c t  of various potassium 

salts on the  binding of 8-galactosidase on a-amino bu ty l  agarose,  i n  

batch experiments. At concentrations of 0.4M, anions could be 
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330 SRINIVASAN AND RUCKENSTEIN 

arranged i n  the  order  of t he  amount of enzyme bound i n  t h e i r  presence 

(with the  addi t iona l  presence of 0.1M NaC1) as 

A one-to-one correspondence between sa l t ing-out  and retention-en- 

hancement , t he  mechanism of which was discussed i n  Section 3. D. b 

i s  indicated by a comparison of the  inequa l i t i e s  19 and 20. 

P:hlman, et  a l .  ,15' s tudied  the  inf luence  of salts  on t h e  bind- 

ing  of human serum albumin (HSA), phycoerythrin and ovalbumin (OV) t o  

a lky l  hydrazide agaroses i n  batch experiments. They a l so  s tudied  t h e  

c i r c u l a r  dichroism spec t r a  of HSA and OV i n  t h e  sal t  so lu t ions ,  i n  

order t o  assess the  ex ten t  of salt-induced conformational changes i n  

the  proteins.  

A t  i o n i c  s t rength  = 3M, t h e  salts could be  arranged i n  the  order  

of  t h e  amount of p ro te in  bound i n  t h e i r  presence as, 

NaSCN<NaBr < N a C l  < Na2S04 ( fo r  HSA on penty l  agarose) (21) 

and 

NaBr < NaCl < NaSCN < Na2S04 ( fo r  OV on decyl agarose) (22) 

In  addi t ion ,  less HSA bound t o  pentyl agarose i n  the  presence of 

NHqC than i n  t h a t  of Na' ( i n  discord with the Hofmeister s e r i e s ) .  

lar  dichroism spec t r a ,  were observed i n  the  presence of NaBr o r  

NaSCN but  no t  i n  the  presence of N a C l  o r  Na2S04. 

ovalbumin i n  NaSCN, an increased change i n  the  c i r c u l a r  dichroism 

spec t r a  corresponded t o  a reduced binding. 

Salt-induced conformational changes, as ind ica ted  by the  circu- 

Also, except f o r  

NaSCN i s  known t o  s a l t - i n  pro te ins .  Hence, the  increased bind- 

ing  of OV i n  t h e  presence of NaSCN, r e l a t i v e  t o  t h a t  i n  N a C 1 ,  seems 

anamolous. P:hlman, e t  al .  , suspected tha t  NaSCN caused severe 

s t r u c t u r a l  changes i n  the  protein.  Such s t r u c t u r a l  changes can 

modify t h e  van de r  Waals a t t r a c t i o n  considerably as discussed i n  

t h e  context of pH e f f e c t s  i n  Section 3.D.c. 

While the  above two s tud ie s  concentrated on s a l t  e f f e c t s  on 
138 s t rong  re ten t ion  of pro te ins  (Fraction E ) ,  Nishikawa and Bailon 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 331 

s tudied  s a l t  e f f e c t s  i n  a s i t u a t i o n  wherein the  pro te ins  w e r e  not 

s t rongly  re ta ined  (Fractions A-C of Table V). 
any sal t ,  fblactoglobulin w a s  re ta rded  on capryl hydrazide agarose 

and e lu t ed  without any modifications of t he  eluant.  A t  concentra- 

t i ons  > 2M, s a l t i n g  out  salts such as N a C l  o r  Na2S04 caused the  

p ro te in  t o  be severely re ta ined  ( i n  Frac t ion  E) while s a l t i ng - in  

salts  such as guanidinium chlor ide ,  KSCN and t e t r e t h y l  ammonium 

chlor ide  acce lera ted  the movement of the  pro te in  through t h e  HIC 
column. 

In  the  absence of 

Jennissen and Heilmeyer15’ s tud ied  how the  desorption of 

phosphorylase kinase from a-amino e t h y l  agarose i s  a f f ec t ed  by a 

l i n e a r  increase  i n  the  concentration of d i f f e r e n t  salts  i n  the  e luant ,  

The i o n i c  s t r eng ths  required f o r  e lu t ion  followed the  series 

KSCN < C a C 1 2  < NH4C1 < N a C l  < Na2S04 (23) 

and ranged from 0.098M t o  0.45M. The low i o n i c  s t r eng th  range i n  

question (compared with the  multimolar l e v e l s  c i t e d  i n  Table V I I )  

i nd ica t e s  t h a t  these  salt e f f e c t s  are primarily e l e c t r o s t a t i c .  

The series is perhaps t h e  arrangement of t he  d i f f e r e n t  salts i n  the  

decreasing order  of t h e i r  e f f i cacy  i n  suppressing t h e  double layer 

a t t r a c t i o n .  

explained using the  modifications t h a t  Stem 21y98 

theory of e l e c t r o s t a t i c  double l aye r  i n t e rac t ions .  

D. 

Such s p e c i f i c i t y  i n  the  low i o n i c  s t r eng th  range may be 

introduced i n  t h e  

Combination of Lyotropic and E l e c t r o s t a t i c  Ef fec ts .  

J e n n i ~ s e n l ~ ~  observed t h a t  the  ex ten t  of binding of phosphory- 

lase b on a-amino methyl o r  bu ty l  agaroses exhib i ted  a minimum when 

recorded as a func t ion  of the  concentration of ammonium s u l f a t e  i n  

the  mobile phase. 

salt ,  lower i n  the  presence of a small concentration of t he  sa l t ,  

and above a c e r t a i n  i o n i c  s t r eng th ,  is l a r g e r  again. 

t h e  present  i n t e r p r e t a t i o n ,  t he  suppression of t he  double l aye r  

a t t r a c t i o n  (between enzyme and adsorbent) a s  t he  s a l t  i s  added causes 

the  reduction i n  binding a t  low i o n i c  s t rength .  

i o n i c  s t r eng th ,  t he  lyo t rop ic  salt ing-out e f f e c t  begins t o  enhance 

The binding is  appreciable i n  the  absence of 

According t o  

Above a c e r t a i n  
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332 SRINIVASAN AND RUCKENSTEIN 

the  binding. A s  would be  discussed later,  t h i s  (change-over from 

the  reduction of e l e c t r o s t a t i c  a t t r a c t i o n  t o  an enhancement of non- 

e l e c t r o s t a t i c  a t t r a c t i o n  as the  ion ic  s t r eng th  i s  progressively 

ra i sed)  may sometimes cause a s i n g l e  pro te in  t o  e l u t e  i n  more than 

one peak . 3 

Hammar, et  al. ,154 observed t h a t  phycoerythrin adsorbed t o  

pentylamino agarose both a t  high ion ic  s t r eng th  (4X) and a t  low 

i o n i c  s t r eng th  (0.004M). 

by introducing a buf fer  of intermediate ion ic  s t r eng th  (0.5M). A 

similar observation w a s  made by Morrow, et  a l . ,  31. 

was re ta ined  on 3,3'-diamino dipropyl amine agarose i n  the  absence 

of any s a l t  a s  w e l l  as i n  the  presence of 1.8M phosphate buf fer ;  i n  

t h e  former case, e lu t ion  w a s  achieved by r a i s i n g  the  ion ic  s t r eng th  

t o  1 M  NaC1, and i n  the  lat ter,  by reducing t h e  concentration of 
31,154 phosphate i n  a l i n e a r  gradient.  

is a demonstration on a s i n g l e  adsorbent of l yo t rop ica l ly  caused 

binding, (e lu t ion  caused by lowering the i o n i c  s t rength)  and bind- 

ing  caused by e l e c t r o s t a t i c  double l a y e r  a t t r a c t i o n  (e lu t ion  achiev- 

ab le  by r a i s ing  t h e  i o n i c  s t rength) .  

binding of l ipopro te ins  HDL, LDL and VLDL onto a-amino bu ty l  agarose. 

The pro te ins  were re ta ined  a t  low i o n i c  s t rength  and were e lu t ed  i n  

t h e  order  HDL, LDL and VLDL upon gradually r a i s ing  t h e  concentration 

of N a C l  t o  0.5M. When t h e  pro te ins  were introduced at high ion ic  

s t rength  (4M NaCl), VLDL emerged unbound. Reducing t h e  i o n i c  

s t r eng th  i n  s t e p s  e lu ted  LDL and HDL, r a the r  poorly resolved. 

The pro te in  could be e lu t ed  i n  both cases 

B-galactosidase 

Each of these  two s tud ie s  

Koller,  e t  a1.,33 s tudied  the  

The reversal i n  e lu t ion  order,when r e s u l t s  from the  low i o n i c  

s t r eng th  ( e l e c t r o s t a t i c )  and the  high ion ic  s t r eng th  ( lyo t ropic)  

ranges are compared, may be explained as follows: Among t h e  th ree  

pro te ins ,  VLDL has the  p o t e n t i a l  f o r  t he  s t ronges t  e l e c t r o s t a t i c  

double l a y e r  a t t r a c t i o n  and t h e  weakest van de r  Waals a t t r a c t i o n ;  

exac t ly  the  reverse holds f o r  HDL, whild LDL is of intermediate 

s t rength  i n  both in t e rac t ions ,  In  addi t ion ,  t he  van der  Waals 

a t t r a c t i o n  between the  p ro te ins  and the  adsorbent is l a r g e r  a t  

m l t i m o l a r  sa l t  concentrations due t o  lyo t rop ic  salt ing-out e f f e c t s  

of N a C l  than a t  low i o n i c  s t rength .  
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 333 

A t  low i o n i c  s t r eng th ,  t h e  double l aye r  a t t r a c t i o n  is  l a rge ly  

responsible f o r  t he  r e t en t ion  and as the  i o n i c  s t r eng th  is ra i sed ,  

t h e  p ro te ins  e l u t e  i n  the  increas ing  order of t h e i r  p o t e n t i a l  f o r  

t h i s  i n t e r a c t i o n  (HDL, LDL, VLDL). 

For VLDL, t he  multimolar N a C l  concentration e l imina tes  the  

double l a y e r  a t t r a c t i o n ,  but t he  lyo t rop ic  sa l t  e f f e c t  has not r a i sed  

t h e  van der  Waals a t t r a c t i o n  much. Hence it e l u t e s  unretained. 

LDL and HDL, t h e  double l aye r  a t t r a c t i o n  having been annulled,  e l u t e  

i n  the  increas ing  order of t h e i r  po ten t i a l  f o r  van der  Waals a t t r a c -  

t i o n  with the  adsorbent. 

The la t ter  e lu t ion  order  occurred a l so  on an uncharged dodecyl 

agarose adsorbent i n  a gradien t  of 3 t o  O.OM N a C 1 .  

t h e  above explanation s ince ,  wi th  t h i s  adsorbent, t h e  p ro te ins  i n t e r -  

a c t  e s s e n t i a l l y  by the  non-e lec t ros ta t ic  (van de r  Waals) a t t r a c t i o n .  

This supports 

E. The Effec t  of Varying the  Alkyl Chain Length of t he  Ligands of 
The Adsorbent. 

I n  order  t o  assess the  importance of non-e lec t ros ta t ic  i n t e r -  

ac t ions  r e l a t i v e  t o  t h a t  of e l e c t r o s t a t i c  i n t e rac t ions  towards pro- 

t e i n  r e t en t ion ,  S h a l t i e l  synthesized H I C  adsorbents each of which 

had t h e  same charge c h a r a c t e r i s t i c s  as the  o the r s  but ca r r i ed  a 

d i f f e r e n t  member of a homologous series of a l k y l  l igands.  Some 

o the r  researchers155 , noted t h a t  an adsorbent carrying a lky l  l igands  

bound more p ro te in  than the  adsorbent matrix i t s e l f ,  and synthesized 

such homologous adsorbents, expecting the  higher members t o  have 

l a r g e r  a f f i n i t i e s  toward the  pro te in .  Table V I I I  summarizes t h e  

r e s u l t s  of numerous such s tud ie s .  In  general ,  a minimum a lky l  

chain length i s  required t o  b r ing  about re ten t ion .  The adsorbent 

with t h e  longer chain length  binds more pro te in ;  a l s o ,  the  s t r eng th  

of t he  binding is  l a r g e r ,  as ind ica ted  by t h e  enhancement of t he  

s t rongly  re ta ined  f r ac t ion .  I n  some cases, i t  w a s  observed 

above a c e r t a i n  a lky l  length,  t h e  chain length  e f f e c t  reached a 

sa tu ra t ion ,  i .e. ,  t he  marginal increment i n  binding brought about 

by lengthening t h e  a lky l  l igands diminished above a c e r t a i n  length. 

5 

38,117 t ha t  

Complementing previous  explanation^^'^^, t h e  present  inter- 

p r e t a t i o n  a t t r i b u t e s  the  chain length e f f e c t  t o  the  enhancement of 
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334 SRINIVASAN AND RUCKENSTEIN 

TABLE 
Experimental Evidence - Section 
Fractions D and E are eluted by *N.B.: 

interactions, 
Notation: EG + ethylene glycol; DMF -+ 

det + detergent; Agr + 

ionic strength). 

Entry 
# Ref. Protein(s) /Adsorbent 

Number of 
Methyl Groups 
Required for 
Retention, n 

1 

2 

3 

4 

5 

6 

7 

a 

9 

10 

47 

47 

52 

156 

156 

157 

158 

15 a 

15 8 

15 a 

ovalbudn/Agr-NH-(CH2)n-H n> 4 

bovine serum albumin, and 8-lactoglo- n2 4 
bulin (separately)/ Agr-NH- (CH2)n-H 

ovalbumin, and a-lactoglobulin not tested 
(separately) /Agr-NH- (CH2)n-H 

phosphorylase a /Agr-NH- (CH2),-H n? 1 

phosphorylase b /Agr-NH- (CH2)n-H nZ 4 (pH37) 

phosphorylase b /Agr-NH- (CH2)n-H n24 (pH=7) 

catalase T/Agr-NH-(CH2)n-H 

catalase T/Agr-NH- (CH2)n-H 

n24 (at 1M 
NaC1) 

nZ1 (at 0.02 
M NaC1) 

horse hemoglobin/Agr-NH-(CH2)n-H n>l 

bovine hemoglobin/Agr-NH-(CH2),-H n>6 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 335 

VIII 
5 E  - Alkyl Chain Length Effec ts  

manipulating t h e  double layer  and van der Waals 

respec t ive ly .  (See Table V.) 
157. dimethyl formamide; DB + deforming buf fer  , 

Agarose; the  upward arrow 4 i nd ica t e s  a raise ( i n  the  

Elu t ion  Procedure* 

Fraction D Frac t ion  E Remarks 

i o n i c  s t r eng th  4 not  t e s t ed  
0 t o  1 M  N a C l  

i o n i c  s t r eng th  4 absent f o r  n=4; f o r  n=8, 
0 t o  1 M  N a C l  add 1 M  NaC1+50V% EG 

i o n i c  s t r eng th  4 not  tested 
0 t o  1 M  N a C l  

i on ic  s t r eng th  4 absent f o r  n=3; 
0 t o  0.5M NaCl n=4, add DB 

lower pH by 
adding a c e t i c  
ac id  

not t e s t ed  n=4, add DB a t  pH 
7; n=6, add DB+ 
a c e t i c  ac id  

not t e s t ed  not  t e s t ed  

ion ic  s t r eng th  4 no t  tested 
t o  0.05M N a C l  

n = l  t o  4,  i o n i c  absent f o r  n = l  
s t r eng th  4 t o  1M t o  4; n=6, add 
NaC1;  absent f o r  detergent 
n=6 

The amount e lu t ed  by 
r a i s i n g  i o n i c  s t r eng th  
decreased with n. 

Weak binding f o r  n=3 
and 4. 

Compare wi th  t h e  previ- 
ous en t ry  ( a t t r a c t i v e  
double l aye r  forces)  . 

absent add detergent 
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336 SRINIVASAN AND RUCKENSTEIN 

TABLE VIII 

Number of 
Methyl Groups 

Entry Required for 
# Ref. Protein(s) /Adsorbent Retention, n 

11 152 phosphorylase kinase and other not tested 
enzymes/Agr-NH-(CHZ)n-H 

12 159 DNA polymerase from R-Mu leukemia n>6 
virus/Agr-NH-(CH2),-H 

13 131 lipoamide dehydrogenase/Agr-NH- 
((332) ,-H 

not tested 

14 139 tryptophanase and homoserine-kinasel not tested 
Agr-NH- ( CHz) n-H 

15 139 6-galactosidase and aspartokinase/ n> 3 
Agr-NH- (CH2)n-H 

16 160 glycogen synthetase/Agr-NH- (CH2)n-H n24 

17 160 glycogen synthetase/Agr-NH- (CH2)n-NHz n>6 

18 117 bovine serum albumin/Agr-NH-(CH2),-NHZ not tested 

19 161 L-histidinol phosphate amino trans- 100% activity 
ferase/Agr-NH- (CHz)n-NH2 retention for 

n>6 

20 127 extract of serum proteins containing not tested 
hepatitis B antigen/Agr-NH-(CH2),-NH2 
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Continued 

337 

Elution Procedure* 

Fraction D Frac t ion  E Remarks 

ion ic  s t r eng th  4 no t  t e s t ed  
0 t o  1 M  NaCl 

The number dens i ty  of 
a lky l  l igands required 
f o r  r e t en t ion  w a s  lower 
f o r  l a r g e r  n. 

not t e s t e d  n=8, add 2 M  EG; n= 
10 ,  add 8M EG+det 

i on ic  s t r eng th  I .  n26, add concentrated Binding becomes s t ronger  
0 t o  30mM phosphate urea o r  guanidinium a s  n is  increased and 
buf fer  followed by ch lor ide  ( e lu t e s  i n  cannot be reversed bv 
0 t o  1 M  KC1 denatured .form) ion ic  s t r eng th  changes 

f o r  n2 6. 

no t  t e s t ed  no t  t e s t e d  

not  t e s t ed  no t  tested 

n=4, i o n i c  s t r eng th  absent f o r  n=4 
4 0 t o  0.6M N a C 1 ;  
absent f o r  n=6 

ion ic  s t r eng th  4 not  t e s t ed  
0 t o  0.6M N a C l  

no t  t e s t ed  no t  t e s t e d  

ion ic  s t r eng th  4 not  t e s t ed  
0 t o  0.4M N a C l  

n<8, i o n i c  s t r eng th  not  t e s t ed  f o r  n<8; 
I .  0 t o  lM NaC1; ab- f o r  n>8, 25v% EG o r  
s en t  f o r  n>8 40v% DMF o r  0.1% 

detergent  unsuccess- 
f u l ;  but 4M NaSCN 
e lu t ed  t h e  antigen 

The l a r g e r  t h e  n ,  t h e  
more re ta rded  a r e  the  
enzymes. 

From n=6, the  enzyme 
could be  e lu t ed  only i n  
denatured form. 

Compare with t h e  previ-  
ous en t ry .  

The amount re ta ined  in- 
creased with n and 
sa tu ra t ed  above n=8. 

The amount re ta ined  in-  
creased gradually from 
0% a t  n=2 t o  100% f o r  
1-126. 

(1) Elu t ion  s h i f t e d  t o  
higher [NaCl] as n in- 
creased; (2) A "sa l t ing-  
in" sa l t  i s  more poten t  
an e luan t  f o r  f r a c t i o n  
E than an organic sol-  
vent. 
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TABLE VIII 

Number of 
Methyl Groups 

Entry Required for 
# Ref. Protein(s)/Adsorbent Retention, n 

21 

22 

23 

24 

25 

135 membrane proteins of the human n24 
erythrocyte "ghos t"/adsorbent : 

r2+ 
Agr-0-C-NH- (CH2)n-NH-CO- (CH2) 2-COOH 

162 phycoerythrin/adsorbent : 
OH 
I 

Agr-O-CH2-CH-CH2-O-(CH2)n-H 

1-125 (at 3M 
NaC1) 

154 crude extract of histidine decarboxy- not tested 
lase (at 1.1M) /adsorbent: 

Agr-O-CH2-CH-CH2-O-(CH2)n-H 
OH 
I 

38 mitochondria1 membrane proteins/ not tested 
adsorbent: (alkyl ligands attached 
to polyacrylic acid) 
I 

$2 

YH2 

F"-"OH 
y 2  

CH-CO-NH-CnH(2n+l) 
I 

YH-CO-NH-CnH(2n+l) 

136 8-hydroxybutyrate dehydrogenasel not tested 
alkyl amino glyceryl agaroses 
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Continued 

~ ~~~ 

E l u t i o n  Procedure* 

F r a c t i o n  D Fracti-on E Remarks 

raise pH from 4 add 1-butanol For l a r g e r  n: (a )  e lu-  
t o  12 i n  a g r a d i e n t  t i o n  occurred  a t  h i g h e r  

pH, and (b) t h e  amount 
e l u t i n g  upon adding 1- 
butanol  w a s  l a r g e r .  

absent  

absent  

(a )  lower i o n i c  Organic s o l v e n t s  had t o  
s t r e n g t h ;  (b) add be added f o r  e l u t i o n  
EG o r  g l y c e r o l  only w i t h  l a r g e  n. 

lower i o n i c  
and add EG 

s t r e n g t h  26, 32 and 47% of t h e  
a p p l i e d  p r o t e i n  w a s  
r e t a i n e d  on and 6 ,  12 
and 27% e l u t e d  i n  t h e  EG 
f r a c t i o n  from n=6, 8 and 
12 ,  r e s p e c t i v e l y .  

i o n i c  s t r e n g t h  add d e t e r g e n t  
1. 0 t o  2M K C 1  

n o t  t e s t e d  n o t  t e s t e d  

(1) From n=O and n=4, 
most of t h e  p r o t e i n  
could b e  e l u t e d  without  
d e t e r g e n t ;  (2)  The 
number of peaks ( ind i -  
c a t i n g  e i t h e r  s e p a r a t i o n  
e f f i c i e n c y  o r  adsorbent  
h e t e r o g e n e i t y )  i n c r e a s e d  
w i t h  n and reached a 
s a t u r a t i o n  above n=12. 

The double l a y e r  f o r c e s  
were r e p u l s i v e  and pre-  
vented s t r o n g  r e t e n t i o n .  
E l u t i o n  occurred  wi thout  
changing mobile phase 
( F r a c t i o n s  A ,  B, C) and 
t h e  r e t a r d a t i o n  increas-  
ed wi th  n. 
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TABLE V I I I  

Number of 
Methyl Groups 

Entry Required f o r  
Q Ref. Protein(s)/Adsorbent Retention, n 

26 136 8-hydroxybutyrate dehydrogenasef6- no t  t e s t ed  
amino caproyl a lky l  agarose 

the  van der  Waals a t t r a c t i o n  t h a t  e n t a i l s  from an increase  i n  the  

a lky l  chain length. A s  noted earlier (Section 4.C), increas ing  

the  a lky l  chain length is tantamount t o  having a th i cke r  f i l m  of 

t he  material which sus t a ins  a s t ronger  van der  Waals a t t r a c t i o n  with 

t h e  p ro te in  than does the  adsorbent matrix ( i . e . ,  AF32 > Ap32). 

addition, AF32 increases  with chain length  (Table 11). 

the  a t t r a c t i o n  between p ro te in  and adsorbent (Eq. 4 ) .  Above a c e r t a i n  

length,  however, t he  f i l m  is t h i ck  enough f o r  t he  adsorbent t o  be- 

have as if i t  were made e n t i r e l y  of t h e  f i lm  material. 

increase  i n  %32 with chain length  tends towards sa tu ra t ion  (Table 

11). Hence, f u r t h e r  increases  i n  the  chain length no longer a l t e r  

t h e  a t t r a c t i v e  force. Figure 6 i l l u s t r a t e s  these poin ts .  

In  

These enhance 

Besides, t he  

While Table VIII o f f e r s  a general  survey of the  experiments 

t h a t  concern chain length  e f f e c t s ,  some of these  experiments need 

t o  be discussed i n  d e t a i l .  These experiments support t he  general  

conclusions reached above and i n  addi t ion  i l l u s t r a t e  t he  in t e rp l ay  

of t he  chain length  e f f e c t  w i t h  some of  t h e  o the r  e f f e c t s  discussed 

earlier, such a s  the  lyo t rop ic  sa l t - e f f ec t s ,  

Hofsteelti5 observed t h a t  CNBr-activated agarose carrying no 

l igands o r  carrying hydroxylamine l igands does no t  bind seve ra l  
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Continued 

Elution Procedure* 

Fraction D Fraction E Remarks 

not  t e s t ed  no t  t e s t ed  With n=12, adsorption 
and desorption poss ib ly  
occured a t  comparable 
r a t e s  (Fraction C); from 
n=18, enzyme a c t i v i t y  
could not be recovered 
(Fraction E and F). 

(negatively charged) pro te ins .  Agarose carrying t h e  smallest hydro- 

carbon (methyl amine agarose),  however, formed an e f f e c t i v e  adsor- 

bent. 

Hofstee pos tu la ted  t h a t  t he  small hydrocarbon groups prevent t he  

quenching e f f e c t  of water on these  pos i t i ve  charges, thereby 

permitt ing e l e c t r o s t a t i c  a t t r a c t i o n  t o  cause re ten t ion .  

t i v e l y ,  it i s  proposed here  t h a t  t he  increment i n  van der  Waals 

a t t r a c t i o n  brought i n  by the  hydrocarbon moiety, i n  cooperation with 

the  double l aye r  a t t r a c t i o n ,  i s  a s u f f i c i e n t  cause f o r  t h e  binding. 

While t h i s  van der  Waals a t t r a c t i o n  i s  necessary f o r  binding onto 

adsorbents carrying shor t  a lky l  l igands (< C6), i t  i s  not 

s u f f i c i e n t  t o  prevent the  reversal of r e t en t ion  when the  double 

l aye r  a t t r a c t i o n  i s  reduced by r a i s i n g  the  i o n i c  s t rength ;  f o r  

ins tance ,  t h e  sa l t  concentration a t  which t h e  binding w a s  reversed 

was about t he  same f o r  p ro te ins  such as ovalbumin and serum albumin, 

with very d i f f e r e n t  ex ten t s  of nonpolarity.  

Noting t h a t  CNBr-activated agarose c a r r i e s  p o s i t i v e  charges, 

Alterna- 

With adsorbents carrying homologs higher than the  hexyl l igand ,  

t he  van der  Waals a t t r a c t i o n  i s  dominantly respons ib le  f o r  t he  

binding as indica ted  by the  s t a b i l i t y  of t he  binding i n  the  presence 
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342 SRINIVASAN AND RUCKENSTEIN 

of high i o n i c  s t rength ,  as w e l l  a s  the  s t ronger  binding experienced 

by pro te ins  with a higher ex ten t  of nonpolar charac te r  155 

S h a l t i e l ,  et  a l . ,  noted t h a t  i n  the  a-amino a lky l  agarose 

series [ A ~ ~ ~ O S ~ - N H - ( C H ~ ) ~ - H ] ,  l igands  wi th  four  methylene groups 

(n=4) can r e t a i n  phosphorylase b156, while l igands of s i x  methylene 

groups were required f o r  r e t a in ing  t h i s  enzyme on t h e  a,w-diamino 

a lky l  agarose series [ A ~ ~ ~ O S ~ - N H - ( C H ~ ) ~ - N H ~ ] ~ ~ ~ .  A similar e f f e c t  

w a s  noted by Visser and Strating131 who compared t h e  binding a b i l i -  

ties of a-amino bu ty l  agarose and a,w-diamino bu ty l  agarose f o r  the  

enzyme lipoamide dehydrogenase. The enzyme bound t o  both adsorbents 

a t  low i o n i c  s t r eng th  and pH = 7.2, and e lu ted  i n  two f r ac t ions ,  one 

upon introducing 30 mM phosphate bu f fe r  of pH = 7.2, and the  o ther  

during a l i n e a r  increase  i n  the  concentration of K C 1  from 0 t o  1M. 
While the  f i r s t  f r a c t i o n  e lu ted  a t  about the  same t i m e  from both 

adsorbents, the  second f r a c t i o n  e lu ted  from the  a,w-diamino adsor- 

bent a t  a lower KC1 concentration than from t h e  a-amino adsorbent. 

In  accordance wi th  the  present  i n t e rp re t a t ion ,  t h e  following explan- 

a t i o n  is  proposed f o r  t hese  e f f e c t s .  

The presence of t he  d i s t a l  amino groups on the  diamino adsor- 

bent ,  while increasing t h e  double l a y e r  a t t r a c t i o n ,  reduces t h e  

ex ten t  t o  which the  adsorbent is  nonpolar, making it more hydrophilic.  

F32 To compensate the  ensuing reduction i n  the  Hamaker coe f f i c i en t  A 

of t he  van d e r  Waals a t t r a c t i o n ,  longer a lky l  chain lengths are re- 

quired f o r  binding phosphorylase b. With t h e  enzyme lipoamide 

dehydrogenase, f o r  t h e  same reason, t h e  t o t a l  a t t r a c t i v e  fo rce  and 

hence t h e  concentration of sa l t  f o r  e lu t ion  of t he  second f r a c t i o n  

a r e  lower f o r  t h e  diamino adsorbent of equal a lky l  chain length ,  

o the r  words, s ince  t h e  double l a y e r  a t t r a c t i o n  is accompanied by a 

smaller van der  Waals a t t r a c t i o n  i n  the  case of t he  diamino adsor- 

bent ( than i n  t h e  case of t he  a-amino adsorbent),  i t  needs t o  be 

reduced by a smaller ex ten t  i n  order t o  lower the  t o t a l  a t t r a c t i v e  

fo rce  t o  Such a 

reduction i n  a f f i n i t y  can a l so  be  achieved by introducing hydro- 

p h i l i c  groups o the r  than NH2, e .g. ,  hydroxyl groups a t  the  d i s t a l  

I n  

a l e v e l  t h a t  would permit e l u t i o n  of t he  enzyme. 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 34 3 

end of t h e  l igands.  

dehydrogenase on the  w hydroxy a amino hexyl agarose is about t he  

same as on t h e  a-amino bu ty l  agarose . 

Indeed, t h e  ex ten t  of binding of lipoamide 

131 

S h a l t i e l  and Halperin' observed t h a t  a t  0.05M i o n i c  s t r eng th  and 

pH = 8, nega t ive ly  charged ovalbumin w a s  r e t a i n e d , m p o s i t i v e l y  char- 

ged n-alkyl a-amino adsorbents with 43158 o r  11'12 but  w a s  unretained 

when n=9 o r  10. 

of t he  adsorbents, however, r e t en t ion  occured above a c e r t a i n  n 

(here n > l l )  and increased monotonously with the  a lky l  chain length.  

Upon doubling the  i o n i c  s t r eng th  o r  upon ace ty l a t ion  

As discussed earlier, the  adsorption of ovalbumin on alkylamino 

agaroses i s  dominantly caused by e l e c t r o s t a t i c  (double l aye r )  a t t r a c -  

t i o n  . In  addi t ion ,  S h a l t i e l  has shown by potentiometric t i t r a t i o n  

t h a t  t he  ne t  p o s i t i v e  charge on these  adsorbents decreases with in-  

creasing chain length (perhaps due t o  incomplete d i s soc ia t ion  of t he  

weakly bas i c  groups). Combining these  f a c t s ,  an explanation along 

the  l i n e s  of t h e  present  i n t e r p r e t a t i o n  f o r  t h e  above mentioned 

behavior can be put forward: 

45 7 

While t h e  none lec t ros t a t i c  (van de r  Waals) a t t r a c t i o n  between 

pro te in  and adsorbent increases  with n ,  the  charge on the  adsorbent 

and hence the e l e c t r o s t a t i c  (double-layer) a t t r a c t i o n ,  decrease. I f  

t h e  increase  i n  the  van de r  Waals a t t r a c t i o n  more than compensates 

f o r  t h e  decrease i n  t h e  double l aye r  a t t r a c t i o n  f o r  n > 11 and i f  

the reverse i s  t r u e  f o r  n < 9 ,  
a minimum ( fo r  n = 9 o r  10) a t  which r e t en t ion  f a i l s  t o  occur. 

Acetylation of t h e  adsorbent o r  r a i s i n g  the  i o n i c  s t r eng th  e l imina tes  

the double l aye r  a t t r a c t i o n ;  t h e  van de r  Waals a t t r a c t i o n  s t i l l  

monotonically increases  with chain length  and r e t en t ion  occurs when 

t h i s  a t t r a c t i o n  is  s u f f i c i e n t l y  s t rong  (n > 11) .  

t he  n e t  a t t r a c t i v e  fo rce  goes through 

A s imi l a r  observation was made by S h a l t i e l ,  e t  al.,163. When 

the  osmotic shock f l u i d  from salmonella typhimurium w a s  subjected 

t o  binding wi th  a,w-diamino a l k y l  de r iva t ives  of agarose, nega t ive ly  

charged p ro te in  J emerged unbound even from the  Cl0 adsorbent. 

Probably t h a t  i n  t h i s  case,  t he  van de r  Waals in t e rac t ion  between 

pro te in  and adsorbent is e i t h e r  very weakly a t t r a c t i v e  o r  even 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



344 SRINIVASAN AND RUCKENSTEIN 

repuls ive  (AF32 and 

t h e  a t t r a c t i v e  double l aye r  forces .  

A va r i a t ion  of the  chain length  e f f e c t  - experiments l i s t e d  in 

Table V I I I  w a s  discussed by Hofstee and O t i l l i ~ l ~ ~  who s tudied  the  

adsorption of serum pro te ins  onto a set of u-amino a l k y l  agarose 

columns connected i n  a series of increas ing  a l k y l  chain length. 

The adsorbents wi th  n 4 were unable t o  r e t a i n  even t h e  most non- 

po la r  p ro te in  i n  the  sample (y-globulin) which was, however, re- 
ta ined  on the  penty l  adsorbent. The e f f luen t  from t h i s  adsorbent 

contained pro te ins  (of lesser nonpolar content than y-globulid which 

bound t o  a l a r g e r  ex ten t  on oc ty l  agarose than on h e q l  agarose. 

Thus, when the  columns were disconnected and the  amounts of p ro te in  

re ta ined  on them were compared, t he  penty l  and o c t y l  adsorbents 

exhibited maxima. 

e f f e c t s  is  i l l u s t r a t e d  by a study of Pee ters ,  e t  a1.,l17 of the  

binding of bovine serum albumin (BSA) t o  a,@-diamino n-alkyl 

agaroses. 

bents are pos i t i ve ly  charged, i . e . ,  t he  double l aye r  forces  are 

attractive. A t  t h i s  pH and a t  a low i o n i c  s t r eng th  (O.OOlM), t he  

amount of pro te in  bound increased wi th  increas ing  chain length  and 

reached a sa tu ra t ion  f o r  n 2 8. 

was much lower (than t h a t  a t  0.001M) f o r  a l l  chain lengths ,  poss ib ly  

due t o  the  suppression of a t t r a c t i v e  double l a y e r  forces.  A t  h igher  

i o n i c  s t r eng ths ,  t h e  binding w a s  l a r g e r  than t h a t  a t  0.5M. 

adsorbents with n < 8, t h i s  l yo t rop ic  e f f e c t  could no t  raise the  

binding back t o  its level a t  t h e  very low i o n i c  s t r eng th  of 0.001M. 

When n ?, 8, however, t h e  binding i n  the  presence of 3M N a C l  was  
l a r g e r  than t h a t  a t  0.001M. 

t i o n  from the  so lvent  medium towards t h e  enhancement of t he  van der  

Waals a t t r a c t i o n ,  while t h e  a lky l  chain length  e f f e c t  is t h e  cont r i -  

bution from the  adsorbent; t he  r e t en t ion  is l a r g e  when both e f f e c t s  
a r e  simultaneously operating a t  s i g n i f i c a n t  l eve l s .  

< 0) ,  rendering r e t en t ion  unl ike ly ,  desp i t e  

An i n t e rp l ay  of t he  chain-length e f f e c t  with lyo t rop ic  s a l t  

A t  pH = 6.8, BSA is negatively charged while t he  adsor- 

A t  0.5M i o n i c  s t r eng th ,  t h e  binding 

For 

The lyo t rop ic  e f f e c t  is t he  contribu- 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 345 

While t h e  general  result from chain length  s t u d i e s  i s  t h a t  t he  

amount of p ro te in  bound monotonically increases  with increas ing  

a lky l  chain length ,  exceptions t o  t h i s  r u l e  have been observed. 

Halperin and Shaltie1164 s tudied  the  binding of Guinea p ig  red  

cells t o  a amino n-alkyl agaroses. The amount of cells bound in- 

creased with n till n = 7, where i t  dropped t o  a lower va lue  from 

which it increased again f o r  n > 7. This apparently con t r ad ic t s  t h e  

chain length  e f f e c t s  discussed above, bu t  tu rns  out t o  be an experi-  

mental a r t i f a c t .  

per  0.84 ml of adsorbent determined by poten t iomet r ic  t i t r a t i o n  

was 11.8 f o r  n = 2 t o  5,  and f o r  reasons unknown, dropped t o  4.5 

f o r  n 2 7, a l l  at pH 7.4. Around t h i s  pH, t h e  c e l l s  are negat ive ly  

charged. The lower charge dens i ty  wi th  n 2 7 causes a lower double 
l aye r  a t t r a c t i o n  on these  adsorbents. This reduction, superimposed 

on the  van der  Waals a t t r a c t i o n  which monotonically increases  w i t h  

n ,  expla ins  the  observed d i scon t inu i ty  a t  n = 7 i n  t h e  ex ten t  of 
binding as a function of chain length.  

On a amino a l k y l  agaroses,  H ~ f s t e e ' ~ ~  noted t h a t  y-globulin 

The number of microequivalents of p o s i t i v e  charge 
164 

bound i n  l a r g e r  amounts t o  adsorbents with n = 3 o r  5 i n  comparison 

wi th  those  having n = 2 ,  4 o r  6. 

between odd and even number C-chains t o  the  e f f e c t  of s u b s t r a t e  

C-chain length  on the  a c t i v i t y  of c e r t a i n  enzymes165. 

s t age ,  w e  are unable t o  explain t h i s  phenomenon using t h e  present  

i n t e rp re t a t ion .  

He  compared t h i s  o s c i l l a t i o n  

A t  t h i s  

F. The Influence of the Number Density (E Number pe r  Unit Volume 
of t h e  Adsorbent) of Alkyl Ligands 

Jennissen and H e i l m e ~ e r l ~ ~  s tudied  p ro te in  binding t o  a-alkyl 

amino agaroses, a s  a function of t he  a l k y l  chain l eng th  and the  
number dens i ty  p of t h e  l igands ,  t he  l a t t e r  estimated by rad ioac t ive  

l abe l l i ng .  

I n  general ,  t he  amount of p ro te in  bound per u n i t  volume of 

adsorbent exhib i ted  a sigmoidal dependence on t h e  dens i ty  p of the  

l igands.  The binding occured above a certain dens i ty ,  and as the  
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346 SRINIVASAN AND RUCKENSTEIN 

dens i ty  was r a i sed ,  increased slowly and then increased exponentially 

over a narrow range of t h e  dens i ty ,  and reached a sa tura t ion .  

l igands  of longer a lky l  chain length,  t h e  exponential  increase  

occured a t  a lower density.  

creases wi th  dens i ty  as indica ted  by the  observation t h a t  a t  l a r g e r  

dens i t i e s ,  t he  f r a c t i o n  of  p ro t e in  which i s  re ta ined  and can be 

e lu t ed  by r a i s i n g  t h e  i o n i c  s t r eng th  is l a r g e r  while t he  f r a c t i o n  

t h a t  is mildly re ta ined  and e l u t e s  wi th  the  50 mM buffer  i s  smaller, 

The following o f f e r s  an explanation of t h i s  behavior based on the  

present  i n t e rp re t a t ion .  

With 

The s t r eng th  of t h e  binding a l s o  in- 

A s  t h e  dens i ty  of a l k y l  l igands  is increased, t h e  nonpolar 

charac te r  of t he  adsorbent is enhanced. Consequently, t he  adsorbent 

sus t a ins  a l a r g e r  van de r  Waals a t t r a c t i o n  wi th  p ro te ins ,  a t  higher 

densities. With ionogenic l igands ,  t he  number of charged groups on 

t h e  absorbent a l s o  increases  wi th  density.  In the  experiment c i t e d  

t h e  double l aye r  forces  are a t t r a c t i v e .  Hence, t he  inc rease  i n  t h e  

number of charged groups i s  r e f l ec t ed  i n  an increased double l aye r  

a t t r a c t i o n .  

force  is s t rong  enough t o  r e t a i n  t h e  pro te in .  

152 

Binding occurs a t  a dens i ty  a t  which t h e  ne t  a t t r a c t i v e  

The observed sa tu ra t ion  i n  binding a t  higher dens i t i e s  can be 

understood by analogy wi th  t h e  Langmuir adsorption isotherm. The 
r a t i o  of t he  f r a c t i o n  9 of the  adsorbent sur face  t h a t  i s  occupied 

by t h e  p ro te in  t o  emax, t he  maximum poss ib le  value of 9, a t  adsorp- 

t i o n  equilibrium is given by 

where ka and kd are c o e f f i c i e n t s  f o r  adsorption and desorption 

respec t ive ly  (both being func t ions  of t h e  l igand dens i ty  p ) ,  and 

Cm is t h e  concentration of p ro te in  i n  the  bulk so lu t ion .  

that the  l igands are uniformly d i s t r ibu ted  over t he  adsorbent 

matrix,  f o r  a given area  of t h e  adsorbent-surface, en la rg ing  the  

dens i ty  of l igands increases  the a t t r a c t i v e  force ;  as a r e s u l t ,  t h e  
coe f f i c i en t  f o r  adsorption ka increases  while t h a t  f o r  desorption, 

Assuming 
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kd, decreases. 

comparison w i t h  the product of ka and C-. 

emax 
dens i ty ,  t h e  van der  Waals a t t r a c t i o n  is l a r g e r  wi th  l igands  of 

longer a l k y l  chain length.  Consequently, the exponential  increase  

and the  sa tu ra t ion  i n  binding occur a t  lower d e n s i t i e s  f o r  longer 

l igands.  

A t  a p a r t i c u l a r  dens i ty ,  kd becomes neg l ig ib l e  i n  

A t  t h i s  po in t  B tends t o  

and the  amount of p ro te in  bound sa tu ra t e s .  Foranyl igand  

The enhancement of t he  t o t a l  a t t r a c t i v e  fo rce  expla ins  the  

reduction i n  the amount of p ro te in  weakly he ld  as t h e  dens i ty  i s  

r a i sed ;  t he  enhancement of t he  double l aye r  a t t r a c t i o n  r e s u l t s  i n  

t h e  enlargement of t he  f r a c t i o n  t h a t  requi res  a raise i n  t h e  i o n i c  

s t r eng th  f o r  e lu t ion ,  i .e.,  a reduction i n  t h e  weakly he ld  f r a c t i o n s  

(A-C) and an increase  i n  t h e  more s t rongly  held Fraction D (Table V) 

occur as p is  increased. 

The r o l e  of t he  cont r ibu t ion  from the  adsorbate towards the  
152 a t t r a c t i v e  force  is i l l u s t r a t e d  by an example from t h i s  study . 

The higher t he  molecular weight of t h e  pro te in ,  t h e  l a r g e r  its s i z e  

and hence, t he  l a r g e r  t h e  s t r eng th  of i t s  i n t e r a c t i o n  with the  ad- 
sorbent as discussed i n  the  context of Figure 5 (Section 4 . C ) .  This, 

combined with t h e  above inference  ( t h a t  t he  binding of the  p ro te in  

t h a t  s u s t a i n s  a l a rge r  a t t r a c t i v e  fo rce  with the  adsorbent commences 

and s a t u r a t e s  a t  values of t he  dens i ty  which a r e  smaller than the  

corresponding values f o r  a p ro te in  t h a t  sus t a ins  a smaller a t t r ac -  

t i v e  force)  expla ins  t h e  following observation: Phosphorylase 

kinase of molecular weight 1.3 x 10 amu can be r e t a ined  on an 

ethylamine agarose which has a dens i ty  of l igands less than t h a t  

needed t o  bind phosphorylase b of molecular weight 2 x 10 amu. 

Also, t h e  binding of phosphorylase b begins a t  t h e  dens i ty  of 

l igands at  which the  amount of phosphorylase kinase bound l e v e l s  

of f  i n t o  a plateau. 

6 

5 

Rosengren, et  a1.,16’ i n  batch experiments, s tud ied  the  in f lu -  

ence of l igand dens i ty  on the  binding of phycoerythrin t o  a r y l  and 

a lky l  hydrazide agaroses,  estimating the  dens i ty  by NMR. Their 

r e s u l t s  are s i m i l a r  t o  the  ones discussed above, The amount of 
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348 SRINIVASAN AND RUCKENSTEIN 

p ro te in  bound increased and tended t o  s a t u r a t e  as the  number dens i ty  

of l igands  w a s  increased. The s t r eng th  of the  binding w a s  l a r g e r  

a t  h igher  d e n s i t i e s ,  as indica ted  by t h e  increase  i n  t h e  f r a c t i o n  

t h a t  requi res  addi t ion  of ethylene g lycol  f o r  e lu t ion ,  i.e., an 
increase  i n  t h e  s t rongly  held Frac t ion  E (Table V) accompanied by a 

decrease i n  t h e  weakly he ld  Frac t ions  A-D. Since t h e  adsorbents 

are n e u t r a l  i n  t h i s  case, r a i s i n g  the  l igand  dens i ty  increases  t h e  

a t t r a c t i v e  force  so l e ly  by enhancing the  van der  Waals a t t r a c t i o n .  

HofsteelS5 used t h e  binding of a colored dye, Ponceau S, t o  

estimate the  l igand  density.  His r e s u l t s  are similar t o  the  above. 

For example, t h e  amount of bovine serum albumin tha t  can be e lu t ed  

from u amino o c t y l  agarose by adding ethylene g lycol  declined as 
t h e  dens i ty  of l igands  increased166, i.e., a reduction i n  Frac t ion  

E accompanied by an enhancement of t he  more s t rongly  re ta ined  

Fraction F (Table V). 
e f f e c t s  of changing t h e  l igand density.  

G. The Effec t  of Changes i n  t h e  Temperature 

Some o the r  s tud ie s  also138 r epor t  similar 

The inf luence  of temperature i n  H I C  is t h e  outcome of a combi- 

na t ion  of d i f f e r e n t  e f f e c t s .  

15  and 16, ac t iva t ion  energies may be assoc ia ted  with adsorption 

A s  discussed i n  t h e  context of Eqs. 

-4 ) and desorption ($max-+pm). I f  one assumes f o r  t h e  (%lax smn 
moment t h a t  these ac t iva t ion  energies are independent of temperature, 

i t  can be seen t h a t  adsorbate enti t ies can overcome p o t e n t i a l  b a r r i e r s  

t o  adsorption and desorption wi th  more ease a t  higher temperatures 

due t o  t h e  increase in t h e  thermal energy, kT. 

crease t h e  rates of both adsorption and desorption i f  the  p o t e n t i a l  

p r o f i l e  has a maximum (curve B, Figure 2) .  I f  a maximum is absent 

(curve A, Figure 2) ,  a rise i n  t h e  temperature w i l l  f a c i l i t a t e  t he  

escape of adsorbate from the  energy w e l l  thus favoring desorption 

over adsorption. 

This e f f e c t  w i l l  in- 

I n  f a c t ,  however, t h e  s a i d  in t e rac t ion  energies are func t ions  

of temperature s ince  t h e i r  cons t i tuent  i n t e rac t ions  (Eq. 14) are 
temperature dependent. The e f f e c t  of temperature on t h e  e lec t ro-  

s t a t i c  double l a y e r  i n t e rac t ions  is no t  straightforward (see f o r  
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example, Eq. 12) ;  t h e  van de r  Waals a t t r a c t i o n  between macroscopic 

bodies i n  water i s  expected t o  increase  as t h e  temperature is  
raised16’. 

conformation of pro te ins  and change t h e  van der  Waals in t e rac t ion .  

In  addi t ion ,  a d r a s t i c  temperature change may alter t h e  

It follows hence t h a t  depending on which of t h e  above mentioned 

mechanisms dominate, d i f f e r e n t  temperature e f f e c t s  may be  experi-  

mentally observed i n  HIC. 
On neu t ra l  adsorbents, where the  non-e lec t ros ta t ic  (van der  

Waals) a t t r a c t i o n  is probably t h e  s o l e  cause of r e t en t ion ,  one may 

expect t h e  above-cited increase  of van der Waals i n t e r a c t i o n  (be- 

tween the macroscopic adsorbent and t h e  macromolecular s o l u t e  i n  

water) with temperature t o  make a dominant cont r ibu t ion  t o  t h e  n e t  

temperature e f f e c t  on r e t en t ion .  Indeed, such an e f f e c t  is observed. 

H j e r t & ,  e t  al. ,50 observed t h a t  25 t o  30% of t h e  phycoerythrin 
bound t o  (neut ra l )  penty l  hydrazide agarose is re lased  upon lowering 

the  temperature from 2OoC t o  O°C. 

With adsorbents carrying ionogenic l igands ,  however, t h e  t e m -  

pera ture  e f f e c t  i s  not p red ic t ab le  i n  a straightforward manner . 168 

Hjertgn observed t h a t  only 3% of t h e  bound phycoerythrin w a s  

re leased  upon reducing the  temperature from 2OoC t o  O’C, from 

phenyl e t h y l  amino agarose. 

s i g n i f i c a n t  enough t o  draw a conclusion from 

A s  Hjertgn noted, t h i s  amount i s  no t  

. 168 

Visser and Strating131 observed t h a t  t he  binding of t h e  enzyme 

lipoamide dehydrogenase t o  a amino bu ty l  agarose was weaker a t  25OC 

than a t  4 O C .  

Simi lar ly  , B r e i t e n b a ~ h ’ ~ ~  observed t h a t  hemoglobins and 

myoglobins cons is ten t ly  bound t o  a a lky l  amino agaroses t o  a l a r g e r  

ex ten t  a t  4OC than a t  2OoC. The dependence was  reversed on u,w- 

diamino a l k y l  agaroses,  i n  t h a t  t he  binding was  s t ronger  a t  20°C 

than a t  4OC. 
LePeuch and Balny16’ s tud ied  the  binding of many p ro te ins  t o  

phenyl butylamine agarose, concentrating on t h e  in t e rp l ay  of t h e  

e f f e c t s  of e thylene  g lycol  (EG) and temperature on the binding. 

a-chymotrypsin bound a t  20°C and e lu t ed ,  when the  ethylene g lycol  
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concentration was r a i sed  t o  38v%. A t  cryogenic temperatures, how- 

ever,  t he  enzyme remained bound even a t  high volume f r ac t ions  of EG. 

For example, r e t en t ion  w a s  observed a t  - 2 O O C  i n  50v% EG and a t  -15OC 

i n  30v% EG. The mechanism is probably not  e l e c t r o s t a t i c  s ince  the  

binding behavior w a s  not a l t e r e d  by the  addi t ion  of 1M KC1 (which 

should annul any e l e c t r o s t a t i c  e f f e c t s ) ,  

proposed t h a t  t he  mechanism probably rests i n  t h e  dependence of t he  

van der Waals a t t r a c t i o n  (between macroscopic bodies i n  aqueous 

media) on the  d i e l e c t r i c  constant E of the  medium (Eq. 2b). It 

i s  noteworthy i n  t h i s  regard t h a t  the  d i e l e c t r i c  constant of an 

aqueous medium can be lowered by adding ethylene glycol and can be 

res tored  t o  a high value by cooling the  r e su l t an t  mixture t o  sub- 

zero temperatures . 

It may be t e n t a t i v e l y  

3 

170 

S i m i l a r  r e s u l t s  were observed f o r  chymotrypsinogen A. The 

zymogen e l u t e s  unretained a t  20°C i n  the  presence of 30v% EG, but 

i s  f u l l y  re ta ined  a t  the same concentration of EG a t  - 2 O O C .  The 

behavior, again,  is independent of the  presence of 1 M  KC1. Oval- 

bumin and ca t a l a se ,  however, were unretained i n  the  presence of 50v% 

EG, both a t  +20°C and a t  - 2 O O C .  LePeuch and BalnyI6' used these  re- 
s u l t s  and obtained a good separa t ion  of chymotrypsin and chymotryp- 

sinogen from each o ther  as w e l l  a s  from ovalbumin and ca t a l a se ,  by 

adsorbing them a t  -15OC i n  the  presence of  30v% EG and e l u t i n g  the  

zymogen a t  + 4 O C ,  and chymotrypsin a t  +20°C, 50v% EG. 

H. Ef fec t  of  t he  Heterogeneity of Pro te ins  and Adsorbents 

A pro te in  sample os tens ib ly  cons is t ing  of a s i n g l e  p ro te in  may 

be heterogeneous due t o  the  presence of impur i t ies ,  o r  of va r i an t s  

of the  same pro te in  which d i f f e r  s l i g h t l y  i n  t h e  primary s t ruc tu re .  

Even a pro te in  t h a t  is devoid of impur i t ies  and i s  of a s i n g l e  pr i -  

mary s t r u c t u r e  may be heterogeneous i n  terms of secondary and 

t e r t i a r y  s t r u c t u r e s  i n  an environment i n  which i t  has physiological 

functions.  The d i spa ra t e  functions a s i n g l e  p ro te in  serves (e.g., 

i n t e r a c t i o n  with carbohydrates on the  one hand and in t e rac t ion  wi th  

l i p i d s  on the  o ther )  a t t e s t s  t o  t h i s  l ack  of homogeneity i n  the  

func t iona l  e n ~ i r o n m e n t l ' ~ .  In  a c rys t a l l i zed  s t a t e ,  a l l  heterogen- 
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 35 1 

eities except t h e  ones due t o  d i f fe rences  i n  primary s t r u c t u r e  a r e  

l i k e l y  t o  be absent. 

environment t h a t  is i n  between these  two extremes. Besides, a pro- 

t e i n  i n  the  mobile phase near a H I C  adsorbent i s  i n  an environment 

which is  much less pass ive  than t h a t  i n  the  c r y s t a l l i z e d  s t a t e .  

Hence, some of t he  he te rogenei t ies  of the  func t iona l  state become 

manifest  and d i f f e r e n t  molecules of t h e  same p ro te in  spec ie s  may 

d i f f e r  i n  the  ex ten t  of su r f ace  nonpolarity as w e l l  as i n  t h e  over- 

a l l  shape and thus may d i f f e r  i n  the  s t r eng ths  of t h e  van d e r  Waals 

a t t r a c t i o n  they s u s t a i n  with the  adsorbent (see Section 3.D.c). 

In  so lu t ion  the  p ro te in  f inds  i t s e l f  i n  an 

It is  noteworthy that since d i f f e r e n t  regions i n  each p ro te in  

molecule have d i f f e r e n t  c h a r a c t e r i s t i c s ,  t he  s t r eng th  of adsorp t ion  

of a p a r t i c u l a r  molecule w i l l  depend on which p a r t  of t he  molecule 

i s  re ta ined  on the  adsorbent. In  consequence, even p ro te in  molecules 

which are i d e n t i c a l  i n  primary t o  t e r t i a r y  s t r u c t u r e s  can behave 

heterogeneously towards adsorption, one molecule re ta ined  a 

c e r t a i n  region on its su r face  and the  o the r s  

regions. 

d i f f e r e n t  types of 

The number dens i ty  of a l k y l  l igands ,  and su r face  charges i f  

any, w i l l  vary i n  a random fashion over t h e  su r face  of a H I C  adsor- 

bent. This and va r i a t ions  i n  o the r  c h a r a c t e r i s t i c s  such as su r face  

roughness lend a heterogeneity t o  the  adsorbent i n  terms of si tes 

that d i f f e r  i n  t h e  s t r eng th  of adsorption. 

As a r e s u l t  of t he  p o s s i b i l i t y  of such he te rogene i t i e s  of 

pro te ins  a s  w e l l  as the  adsorbent, each molecule of t he  same adsor- 

ba t e  spec ies  w i l l  undergo d iverse  i n t e r a c t i o n  p r o f i l e s  on i t s  way 

down the  column. I f  t h e r e  is adsorption-desorption equi l ibr ium and 

i f  t h e  column is long enough t o  provide a l a r g e  number of equi l ibr ium 

s t ages ,  t hese  v a r i a t i o n s  w i l l  be  s t a t i s t i c a l l y  smoothed out .  Other- 

w i s e ,  a s i n g l e  spec ies  can e l u t e  as seve ra l  peaks, e spec ia l ly  i n  a 

step-wise e lu t ion  procedure . 116 

In  a simple i l l u s t r a t i v e  s i t u a t i o n  the  adsorbent may have two 

types of sites, on one of which the  p ro te in  i s  adsorbed s t ronger ,  

than on t h e  o ther .  A t  small loadings,  t he  p ro te in  would be  mostly 
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352 SRINIVASAN AND RUCKENSTEIN 

adsorbed on the  strongly a t t r a c t i n g  si te.  

t h e  capacity of such sites, the weakly a t t r a c t i n g  sites w i l l  begin 

t o  bind t h e  protein.  

of protein would be higher a t  smaller loadings. 

ted by Hofstee who notedlS5 t h a t  the f r ac t ion  of the loaded bovine 

serum albumin t h a t  remains bound ( to  phenyl butylamine agarose i n  

the  presence of 1 M  NaC1) increased upon a reduction i n  the load. 

SimilarlylSS when 2 milligrams of ovalbumin were adsorbed on ci- 

alkylamino agarose and t h e  ion ic  s t rength w a s  ra ised,  a l l  of i t  

eluted a t  the sa l t  concentration a t  which the las t  few milligrams 

of a 20 mg sample of OV were eluted.  

When the  loading exceeds 

Hence the s t rength of adsorption per u n i t  load 

This w a s  demonstra- 

The above examples indicate  t h a t  t he  heterogeneity of t he  ad- 

sorbent is probably responsible f o r  t he  e lu t ion  of an electro-  

phoret ical ly  pure protein i n  two f r ac t ions ,  one upon r a i s ing  the 

ionic  s t rength (by the  addition of a salt ing-out sa l t  such as NaCl), 

and the other  upon adding ehtylene glycol,  (e.g., entry 2 i n  Table 
3 V I ) .  Hofstee suggested a p l aus ib l e  a l t e rna t ive  explanation f o r  t he  

l a t te r  observation. While a raise i n  the ion ic  s t rength reduces the  

e l e c t r o s t a t i c  (double layer)  a t t r a c t i o n  causing elut ion,  above a 

ce r t a in  ion ic  s t rength,  lyotropic  salt ing-out e f f e c t s  become s i g n i f i -  

cant and increase the non-electrostatic (van der  Waals) a t t r a c t i o n ,  

and above a point  the latter enhancement outweighs the  former reduc- 

t i on ,  

would only increase the t o t a l  a t t r a c t i v e  force thus preventing elu- 

t i on ,  Addition of ethylene glycol,  however, successfully e l u t e s  t h e  

rest of t h e  protein by reducing the non-electrostat ic  (van der Waals) 

a t t r ac t ion .  

i n  H I C  such as the  following: 

A t  t h i s  point a change i n  the ion ic  s t rength,  e i t h e r  way, 

Heterogeneity may be reponsible f o r  some observations 

Robillard, e t  a1.,172 studied the  binding of an E. Coli  e x t r a c t  

containing enzyme 1 (El) t o  u-amino oc ty l  agarose. El d i s t r ibu ted  

i t s e l f  i n t o  two f r ac t ions ,  one e lu t ing  a t  high (70v%) ethylene 

glycol concentrations and the  other  upon addition of the detergent 
sodium deoxycholate. When e i t h e r  f r ac t ion  w a s  recycled, again two 

such f r ac t ions  resul ted.  Upon increasing the  loading of t he  ex t r ac t  
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 35 3 

t o  the  column, the  detergent-eluted f r a c t i o n  of El f i r s t  increased 

and then decreased t o  zero. Af te r  a pretreatment of the  column 

(which cons is ted  e s s e n t i a l l y  of leaving the  de te rgent -e lu tab le  

f r a c t i o n  s t i l l  bound), El e lu t ed  i n  a s i n g l e  f r a c t i o n  upon adding 

ethylene glycol. As Robi l la rd ,  et  a l . ,  recognized, a l l  t hese  ob- 

se rva t ions  can be a t t r i b u t e d  t o  the  presence of two c l a s ses  of si tes 

on the  adsorbent one type more a t t r a c t i v e  than the  o ther  t o  El and 

t h e  p ro te ins ,  and i s  blocked by the  pretreatment process.  The authors,  

however, were not  su re  about t he  mechanism s ince  they a l so  observed 

t h a t  only El r e d i s t r i b u t e s  i t s e l f  i n t o  two f r a c t i o n s ,  a l l  t h e  (o ther )  

pro te ins  i n  t h e  detergent e lu t ed  f r a c t i o n  s t ay ing  only i n  t h a t  frac- 

t i o n  upon rechromatography on adsorbents without pretreatment.  

Here, we  propose t h a t  t h i s  does n o t  cont rad ic t  t he  two si te 

mechanism, since i t  is poss ib l e  t h a t  t he  p ro te ins  which are re ta ined  

s u s t a i n  a s t ronger  a t t r a c t i v e  force  than El wi th  t h e  adsorbent and 

t h e i r  concentration is  smaller than both the  concentration of El 

and t h e  binding capacity of t he  s t rongly  a t t r a c t i n g  sites. 

i s  t h e  case, they would always be found i n  t h e  most s t rong ly  re- 
ta ined  f r ac t ion .  Thus, they would e l u t e  from the  unmodified ad- 

sorbent i n  t h e  detergent-eluted f r a c t i o n  and from the p re t r ea t ed  

adsorbent at  h igher  concentrations of ethylene g lycol  than t h a t  re- 

quired t o  e l u t e  El. 

e t  al.,172, t h a t  El e l u t i n g  from a p re t r ea t ed  oc ty l  adsorbent, upon 

rechromatography on another p re t r ea t ed  oc ty l  adsorbent, e lu t ed  a t  a 

concentration of ethylene g lycol  (67v%) h igher  than t h a t  required 

f o r  e l u t i o n  from the  f irst  adsorbent (47v%), i .e.,  t h e  s t rong ly  

adsorbing pro te ins  were l e f t  ou t  on t h e  f i r s t  adsorbent. 

Marcus, et al .  ,15’ reported an apparently anamolous e f f e c t  

If such 

This i s  supported by t h e  observation by Robillard,  

when comapring stepwise and gradien t  e lu t ion  procedures. I n  t h e  

presence of 1 M  KC1, R-Mulv pro te ins  w e r e  s t rongly  re ta ined  on a- 

amino decyl agarose. Upon r a i s i n g  t h e  concentration of ethylene 

g lycol  i n  the  e luan t  from 0 t o  8.5M i n  a s i n g l e  s t e p ,  a f r a c t i o n  

eluted.  

Both f r a c t i o n s  contained polypeptides as w e l l  as DNA polymerase. 

Subsequent addi t ion  of a detergent e lu t ed  another f r ac t ion .  

I n  
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354 SRINIVASAN AND RUCKENSTEIN 

a s epa ra t e  experiment, t h e  concentration of ethylene g lycol  was 

r a i sed  i n  s t eps  of 2M and the  enzyme a c t i v i t y  f a i l e d  t o  e l u t e  even 

above 8.5M EG. 

upon addi t ion  of a detergent.  Marcus, e t  a l . ,  pos tu la ted  t h a t  

"shocking" t h e  adsorbed enzyme by a sudden raise from 0 t o  8.5M EG 

i s  more poten t  an e lu t ion  procedure than gradually r a i s i n g  t h e  con- 

concentration of EG. Here, an a l t e r n a t i v e  mechanism i s  suggested. 

The enzyme e lu t ed  i n  a s i n g l e  f r a c t i o n ,  however, 

The f a c t t h a t  polymerase as w e l l  as the  peptides e lu ted ,  each 

i n  two f r ac t ions  i n  the  f i r s t  experiment suggests t h a t  t he  adsor- 

bent may be  heterogeneous. In addi t ion ,  the  more s t rongly  held 

f r a c t i o n  contained more of polypeptides than polymerase implying 

t h a t  i n  a competition between t h e  two f o r  t he  s t rongly  a t t r a c t i v e  

sites on the  adsorbent, t he  polypeptides would be favored. These 

o f f e r  an explanation, i f  i n  the  second experiment (compared wi th  

t h e  f i r s t  one) : 

(a) t h e  p a r t i c u l a r  batch of t he  adsorbent had a l a rge r  number 
of s t rongly  a t t r a c t i n g  sites; 

(b) t h e  p ro te in  sample had a lesser amount of polypeptides,  o r  

(c) t h e  p ro te in  sample was lower i n  polymerase content,  re- 

s u l t i n g  i n  the  r e t en t ion  of a l l  the polymerase i n  t h e  s t rongly  

a t t r a c t i n g  sites, permi t t ing  e lu t ion  only by addi t ion  of a de te rgent .  

I. Experiments t h a t  Relate I n t e r f a c i a l  Tensions t o  Retention i n  H I C  

van Oss, et al. , 73-75 have done experiments t h a t  e labora te  on 

t h e  para l le l i sm between the  e f f e c t  of addi t ives  on t h e  su r face  

tension yRv of the medium, and the  e f f e c t  of  these  add i t ives  on 

H I C  re ten t ion .  

I n  addi t ion  t o  recording t h e  r e t en t ion  behavior of pro te ins  o r  

c e l l s  on H I C  adsorbents (or  va r i an t s  thereof )  these  experimenters: 

( i )  measured t h e  sur face  tension y of the  e luan t s  (mixtures 
RV 

of  organic so lvents  and water),  and 
( i i )  estimated the  i n t e r f a c i a l t e n s i o n s y  and y,,, ( a t  t h e  

Q-SW 
i n t e r f ace  of the  p ro te in  o r  t h e  adsorbent wi th  s a l i n e  water, 

r e spec t ive ly ) ,  
adsorbent with sessile drops of s a l i n e  water. 

measuring the  contact angles of t h e  p ro te in  o r  
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HYDROPHOBIC INTERACTION CHROMATOGRAPHY 355 

Prote ins  o r  c e l l s  bound t o  the  adsorbent i n  t h e  presence of 

water (with o r  without s a l t s )  and e lu t ed  upon gradual increase  of 

t h e  concentration of organic so lvents  i n  the aqueous eluant.  This 

type of study w a s  done on the  binding o f :  

(a) bovine serum albumin, ovalbumin, and human y-globulin on 

a-amino o c t y l  agarose o r  phenyl agarose, and human serum p ro te ins  

on t h e  la t ter  adsorbent, with aqueous mixtures of ethylene g lycol  

a s  e l ~ a n t s ~ ~ ;  ( the  "surface tensions" 

o c t y l  and phenyl adsorbents could not be  measured and w e r e  approxi- 

mated by t h e  sur face  tensions y 

of t h e  agarose-based Ya-sw 

of octanol and phenol, respec- 
RV 

t i v e l y )  ; 

(b) y-globulin on polystyrene l a t e x  p a r t i c l e s ,  wi th  water- 

dimethyl su l foxide  mixtures as e luants lg5;  and 

(c) l ive  human granulocytes on nylon f i b e r s ,  wi th  mixtures of 
194 water and dimethyl su l foxide  o r  dimethyl acetamide as  e luants .  

van Oss, e t  al.,  noted t h a t  i n  general ,  when r e t en t ion  occurs,  

t h e  sur face  tens ion  y 

"surface tension" y 

than the  "surface tension" y of the  adsorbent. Elution of 

t h e  adsorbate commences when t h e  su r face  tens ion  y 

i s  lowered t o  a value j u s t  below the  "surface tension" 

adsorbate,  i.e., r e t en t ion  corresponds t o  

of the  aqueous medium i s  higher than the  

of t he  adsorbate which i n  turn  i s  l a r g e r  
RV 

p-sw 

a-sw 
of t h e  e luant  

LV 
of t he  Yp-SW 

'a-sw ' Yp-sw ' Y L ~  

and e lu t ion  occurs when 

'a-sw ' Ytv ' Yp-sw 

In  a r e l a t e d  experiment, van Oss, et al .  ,75b s tudied  the  ad- 

sorp t ion  o f  human serum prote ins  onto sur faces  of d i f f e r e n t  polymers, 

of various "surface tensions" y 

sur face  tensions yLv. 

of t he  medium from which a dissolved p ro te in  adsorbs ( t o  any of 

t he  s o l i d  sur faces  s tud ied)  i s  j u s t  about equal t o  the  "surface 

tension" y of t h e  p ro te in  as  estimated by t h e  contact angle 

method. 

(26) 

from aqueous media of various a-sw' 
These authors noted t h a t  the  su r face  tension 

p-sw 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



35 6 SRINIVASAN AND RUCKENSTEIN 

By means of c e r t a i n  approximations t h a t  are out l ined  else- 

where,73a van 088, e t  al. , have in fe r r ed  t h a t  t he  inequa l i ty  , Eq. 
26, l eads  i n  many cases t o  nega t ive  Hamaker coe f f i c i en t s ,  A132 9 i. s 

t h e  van der  Waals in t e rac t ion  (between adsorbate and adsorbent i n  

the  presence of the e luant )  becomes repuls ive  when e l u t i o n  of t he  

adsorbate occurs. 

ever,  e lu t ion  can occur not  only with repuls ive  van der  Waals forces  

but  even with attractive van de r  Waals forces  preva i l ing ,  provided 

these  are made s u f f i c i e n t l y  small. (See a l s o  the  discussions i n  

Section 4.D, and i n  the  context of Eq. 18).  

J. Applications 
(a) Biological Separations. 

(Table V I  t o  VIII)  i l l u s t r a t e  t he  f a c t  t h a t  HIC has been used 

successfu l ly  f o r  separa t ing  seve ra l  b io log ica l  macromolecules. 

of these  r epor t s ,  however, concern t h e  development of H I C  as a 

separa t ion  method. In  recent years ,  t he  method has been incorporated 

I n  t h e  view of t he  present  i n t e r p r e t a t i o n ,  how- 

The research r epor t s  discussed so f a r  

Most 

as a s t e p  i n  several separa t ion  schemes, e.g., f o r  membrane pro- 

t e i n s  50y173-175, his tone^'^^, in t e r f e rons  1779178, b a c t e r i a  
immunoglobulins180, enzymes"' , and hormones '126. Recently 194 

179 , 

a novel variant of H I C  has been used f o r  the i s o l a t i o n  of l i v e  

human granulocytes. 

and aqueous mixtures of dimethyl su l foxide  o r  dimethylacetamide f o r  

e lu t ing  the  bound c e l l s  without damage. HIC has a l s o  been combined 

with procedures such as e lec t rophores i s  t o  give newer methods 

(b) Enzyme Reactors. 

adsorbents has been used t o  advantage i n  a new type of immobilized 

enzyme reac to r  50y183y184. 

covalently t o  t h e  support i n  a more o r  less i r r e v e r s i b l e  fashion. 

When t h e  enzyme is s t rongly  bound t o  a H I C  adsorbent, however, it 

is poss ib le  t o  reverse the  binding (by adding e thylene  g lycol ,  f o r  
ins tance)  when des i red  (e.g., i f  t h e  enzyme loses  i t s  a c t i v i t y )  and 

regenra te  t h e  bed by applying a f r e sh  load of t h e  enzyme. 

(c) High Pressure H I C .  The H I C  systems discussed i n  t h i s  paper in  
general involve compressible adsorbent matrices and hence, are not  

The procedure uses nylon f i b e r s  as adsorbents 

182 . 
The s t rong  r e t en t ion  t h a t  is poss ib l e  with H I C  

Tradi t iona l ly ,  t h e  enzyme is  coupled 
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HYDROPHOBIC INTERACT I O N  CHROMATOGRAPHY 35 7 

used i n  t h e  high pressure  chromatographic equipment designed f o r  

"High Performance Liquid Chromatography". 

Adsorbents made by coupling a lky l  s i l a n e s  (e.g., o c t y l  o r  

octadecyl s i l anes )  v i a  s i l oxane  linkages185 have been t r a d i t i o n a l l y  

used f o r  separa t ing  small molecules i n  (high-pressure) "Reverse 

Phase Liquid Chromatography In such appl ica t ions ,  t h e  

chromatographers have been advised t o  scrupulously remove any pro- 

t e i n s  present i n  t h e  sample since p ro te ins  "s t ick t '  ( o r  bind very 

strongly) t o  t h e  highly nonpolar (C18) adsorbent thus hindering the  

separa t ion  of small molecules. 

Recently, however, such reverse  phase adsorbents are being 

used f o r  t h e  separa t ion  of p ro te ins  189y192. 

are more e f f i c i e n t  and f a s t e r  than low pressure  systems. 

o ther  hand, t h e  s m a l l  pore s i z e  of t h e  high pressure  adsorbents 

renders them t o  be  of low capacity when very l a r g e  p ro te ins  a r e  

t o  be  separatedl'l .  Besides, t h e r e  is a pH l i m i t a t i o n  on these 

adsorbents s ince  the  s i l i c a  matrix becomes unstable a t  a l k a l i n e  pH. 

High pressure  systems 

On t he  

6 .  SUMMARY AND CONCLUDING REMARKS 
Hydrophobic in t e rac t ion  chromatrography (HIC) is  a r ecen t ly  

developed procedure f o r  t he  separa t ion  of b io log ica l  macromolecules; 

t h e  mobile phases i n  t h i s  method are aqueous and the  adsorbents i n  

general  cons i s t  of an agarose matrix onto which hydrocarbonaceous 

l igands a r e  attached. Often, these  l igands possess ionogenic groups. 

Here, the  cause of r e t en t ion  i n  H I C  i s  ascribed t o  phys ica l  

forces  between p ro te in  and adsorbent, namely the  van de r  Waals 

a t t r a c t i o n  (with cont r ibu t ions  from o r i en ta t ion ,  induction and 

d ispers ion  in t e rac t ions ) ,  t he  e l e c t r o s t a t i c  double l a y e r  in te rac-  

t i o n  (which i s  repuls ive  o r  a t t r a c t i v e  depending on whether t h e  n e t  

charges on p ro te in  and adsorbent are a l i k e  o r  opposite i n  s ign )  and 

shor t  range repuls ive  forces  such as  Born repulsion. 

The phys ica l  forces  between p ro te in  and adsorbent are much 

a f f ec t ed  by the  intervening so lvent  medium. 

s t ruc tu red ,  cohesive, and po la r ,  water molecules s t rongly  attract  

Because water is  h ighly  
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one other.  This,  coupled with the  f a c t  t ha t  the d ispers ion  inter- 
ac t ion  among water molecules is i n  general  weaker than t h a t  among 

nonpolar molecules, i s  shown t o  lead t o  the van der  Waals a t t r a c t i o n  

between two nonpolar e n t i t i e s  i n  water being s t ronger  than the  

corresponding in t e rac t ion  i n  a nonpolar medium. Thus, p ro te ins  

having an appreciable nonpolar content,  are a t t r a c t e d  by a nonpolar- 

hydrocarbon-coated adsorbent when the  environment is aqueous. Note 

is taken of t he  f a c t  t h a t  even hydrophilic pro te ins  can undergo 

a s i g n i f i c a n t  van der  Waals a t t r a c t i o n  with t h e  adsorbent (which 

would a l b e i t  be smaller than the  corresponding in t e rac t ion  of a 
more hydrophobic pro te in) .  For similar reasons, addi t ives  which 

increase  the  s t ruc tu r ing  of t he  aqueous medium (e.g., sa l t ing-out  

salts  such as (NH4)*S04) a r e  shown t o  augment the  van der  Waals 

a t t r a c t i o n  between p ro te in  and adsorbent across  t h e  medium. Additives 

which break down t h i s  s t r u c t u r e  (e.g., s a l t i ng - in  salts such as 

guanidinium chlor ide  and so lvents  l i k e  ethylene g lycol )  make the  

medium more l i p o p h i l i c  and thus reduce the  a t t r a c t i o n  between 

p ro te in  and adsorbent. Apart from the  c i t e d  lyo t rop ic  s a l t  e f f e c t s  
which occur a t  high i o n i c  s t r eng ths ,  salts  suppress t h e  double l a y e r  

i n t e rac t ion  a t  q u i t e  low i o n i c  s t r eng ths  (< 1M). 
Expressions a r e  given f o r  the  various i n t e r a c t i o n  po ten t i a l s .  

The sum of these i s  the  t o t a l  i n t e rac t ion  po ten t i a l ,  which can vary 

i n  seve ra l  ways as  a function of t h e  d is tance  between t h e  sur faces  

of pro te in  and adsorbent. Such shapes of t h e  p o t e n t i a l  p r o f i l e  as 

are relevant t o  HIC a r e  iden t i f i ed .  

metric study which shows the  s e n s i t i v i t y  of t he  p o t e n t i a l  p r o f i l e  t o  

its parameters such as t h e  i o n i c  s t rength .  

f o r  t he  coe f f i c i en t s  of adsorption and desorption. Chromatographic 

r e t en t ion  and e lu t ion  i n  HIC, and the  ways of con t ro l l i ng  them, are 

shown t o  be r e l a t ed  t o  the  p o t e n t i a l  p ro f i l e s .  

Results are c i t e d  from a para- 

Expressions are given 

Experimental evidence is c l a s s i f i e d  by grouping the  experiments 

t o  which va r i a t ion  of a s i n g l e  parameter (e.g., temperature) has been 
cen t r a l .  Numerous experimental r epor t s  are l i s t e d  i n  t abu la r  form 

and seve ra l  of the r e s u l t s  are discussed i n  d e t a i l .  Applications 
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and va r i an t s  of H I C  a r e  c i t ed .  The present  i n t e r p r e t a t i o n  i s  ab le  

t o  explain t h e  various aspec ts  of H I C  (such as the  increase  i n  the  

s t r eng th  of binding with increas ing  a l k y l  chain length  of t h e  l igands  

on t h e  adsorbent) as w e l l  as c e r t a i n  general  phenomena (e.g., t he  

mechanism behind the  fact  t h a t  p ro te ins  begin t o  be r e t a ined  on an 

adsorbent a t  s a l t  concent ra t ions lower than  those required f o r  pre- 

c i p i t a t i n g  the  p ro te ins  out of so lu t ion ) .  

unifying i n t e r p r e t a t i o n  of apparently d i s t i n c t  phenomena (such a s  

r e t en t ion  on adsorbents coated with hydrocarbon l igands  versus  re- 
t en t ion  on t h e  adsorbent matrix i t s e l f )  and provides a de ta i l ed  

review of t h i s  new separa t ion  procedure. 

The paper o f f e r s  a 
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NOTATION 

rad ius  of t h e  s o l u t e  p a r t i c l e  (cm) 
Hamaker coe f f i c i en t  f o r  t he  van de r  Waals i n t e r a c t i o n  
between bodies i and j across  medium k (ergs) 

the  cont r ibu t ion  from dispers ion  t o  Aijk (ergs) 

the  cont r ibu t ion  from o r i en ta t ion  and induction t o  A 
(ergs) 
Hamaker coe f f i c i en t  f o r  the  van de r  Waals a t t r a c t i o n  be- 
tween materials i and j across  a vacuum (ergs)  

cont r ibu t ion  from dispers ion  t o  Aij (ergs) 

concentration of s o l u t e  p a r t i c l e s  at  the  ou te r  periph r y  

co cen t r a t ion  of s o l u t e  p a r t i c l e s  i n  the  bulk ( p a r t i c l e s /  
cm 1 

2 l o c a l  d i f fus ion  coe f f i c i en t  of adsorbate (cm /set) 

d i f fus ion  2oe f f i c i en t  of adsorbate i n  the  bulk of the  
l i q u i d  (cm /sec)  

pro tonic  charge ( s t a t  coulomb) 

i j  k 

l o c a l  concentration of s o l u t e  p a r t i c l e s  (par t ic les /cm 3 ) 

of the  in t e rac t ion  fo rce  boundary l aye r  (par t ic les /cm 5 ) 
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h 

hmax 

hPmn 

hSv 
[H I + L H  lb 
J 

k 

ka 
ka' 
kd 

Kai*Kbj 

Km 
"i 
n 
n 
Pmn 

n smn 

Nai * Nbj 

t 

T 

vR 

"0 

zi 

z 

SRINIVASAN AND RUCKENSTEIN 

distance between the surfacesofthe adsorbent and the 
(protein) solute (cm) 
position of the maximum in the potential Cp vs. h profile 

position of the primary minimum (cm) 
position of the secondary minimum (cm) 
concentration of hydrogen ions (moles/litre) 

value of [H ] in the bulk (mole/litre) 
adsorbate flux (particles/cm2-sec) 
Boltzmann constant (erg/OK) 
adsorption coefficient, defined by Eq. 15 (sec-l) 
adsorption coefficient, defined by Eq. 15a (cm/sec) 

desorption coefficient, defined by Eq. 16 (sec-l) 
dissociation constants of the acidic and basic sites of 
the surface respectively (moles/litre) 
mass transfer coefficient (cm/sec) 
concentration of ions of kind i (ions/cm ) 
number of methyl groups in a ligand on the adsorbent 
number of adsorbate e tities in and near the primary 
minimum (particles/cm ) 
number of adsorbate e tities in and near the secondary 
minimum (particles/cm ) 
number of acidic and basic sit s per unit area of 

time (sec) 
absolute temperature (OK) 
retentionvolume ofthe (protein) adsorbate (cm ) 

+ 

3 

9 

9 

surface respectively (sites/cm 1 ) 

3 

retytionvolumeof an unretained micromolecular 
(cm ) 
valence of the counter-ion (Eq. 12) 
valence of ion type i 

tracer 

Greek Letters 
the interfacial tension at the adsorbent-saline 
interface, estimated from contact angle measurements 
(dynes/cm) 
interfacial tension at the interface of a liquid and 
its vapor (dynes/cm) 

Y,-SW 

YQV 
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2 
= -( d20 2)  (erg/cm 1 

Y,X dh h=hmax 
0 

2 
= +(9) (erglcm 

yPm dh h=h 
P m  

53a the  i n t e r f a c i a l  tension a t  the  adsorbate-saline wate 
in t e r f ace ,  estimated from contact angle measurements 
(dynes/ cm) 

yp-sw 

n 

2 
= +(9) (erglcm 

dh h=h YS, 
SULIl 

6 f i lm  thickness of hydrocarbonaceous f i lm  E a lky l  chain 
length of t he  l igands  on t h e  adsorbent [Figure 11  (cm) 

d i e l e c t r i c  constant of t he  mobile phase 

d i e l e c t r i c  constant of material i 

covered by p ro te in  

maximum value of 8 

E 

€i 
e f r a c t i o n  of the  sur face  of the  adsorbent which i s  

K rec iproca l  Debye length (defined i n  Eq. 5) (an-') 

u i on ic  s t r eng th  of t he  so lu t ion  (M) 

dens i ty  (num er per u n i t  volume of adsorbent) of 
l igands (cm ) 

P -9 
U c o l l i s i o n  diameter (Eq. 13) (cm) 

U' sur face  charge per u n i t  area (Eq. 11) ( s t a t  coul./cm ) 

Q t o t a l  i n t e rac t ion  po ten t i a l  (Eq. 14) (erg) 

values of Q a t  the  primary minimum, maximum and 
secondary minimum respec t ive ly  (erg) 

double l aye r  i n t e r a c t i o n  po ten t i a l  (Eq. 1 2 )  (erg) 

sho r t  range repuls ion  p o t e n t i a l  (Eq. 13) (erg) 

van der  Waals in t e rac t ion  p o t e n t i a l  (Eq. 4) (erg) 

2 

$pmn , %lax' Qsmn 

QDL ' SR 

'vdW 
J, e l e c t r o s t a t i c  p o t e n t i a l  (stat. v o l t )  

e l e c t r o s t a t i c  p o t e n t i a l  a t  t he  i - t h  sur face  ( s t a t .  v o l t )  

e l e c t r o s t a t i c  sur face  po ten t i a l  (Eq. 11) (erg)  
JISi 

$0 
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