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INTRODUCTION 

Many processes in biological systems occur on surfaces, e.g., recognition of 
foreign cells, binding of acceptor molecules on surface receptors, deposition 
of proteins and blood components on the walls of blood vessels and on 
artificial implants. As has been reported (1-3), most materials in contact 
with blood very quickly adsorb a protein film and then at a lower rate the 
elementary constituents (4). The composition of the adsorbed protein film is 
dependent on the structure and chemistry of the adsorbing surface. The 
deposition of a protein layer and activation of serum proteins during or after 
the adsorption process has been found to be responsible for the start of the 
clotting cascade and the generation of thrombi (see, e.g., ref. 5). 

The investigations described here are aimed at identifying the chemical 
structural elements that yield minimum protein adsorption for a maximum 
number of blood proteins. To ascertain the adsorptive forces of different 
groups, Sepharose was substituted with different substituents (Table 1). 
Sepharose gels were substituted with epoxides to avoid the introduction of 
charged or polar groups, which would have been the case in the substitution 
with cyanogen bromide (6). 

MATERIALS AND METHODS 

The following instruments were used: for UV spectroscopy a Varian 
Techtron 635, for NMR spectra a Varian T60, for mass spectra a MAT 311, 
and for infrared spectra a Perkin-Elmer 221. The ball-type distillation was 
performed on a Custilator (Chemophor, Ziirich). Chromatography was 
performed at 35~ in Multichrom columns (bore 0.5 cm, length 25 cm, 
1This paper was presented at the symposium on "Hydrophobic and Biospecifi.c Affinity 
Chromatography" held at Ruhr-Universit~it Bochum, West Germany, October 4, 1978. 

2Elanco, Abt. der Eli Lilly GmbH, Marienbaden Platz, Bad Homburg, West Germany. 
3Battelle Institut e.V. am Roemerhof, 6000 Frankfurt am Main, West Germany. 
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222 KISSING AND REINER 

T A B L E  1. Subs t i tu ted  Gels* 

Gel R Gel R 

2a CH 3 k 1 (CH2)2- -O--H 
b n - - C a l l  9 11 (CH2)2-- 'O-- (CH2)2--O--H 
c i - -C5Hl t  m C6H12--O--H 
d C6H13 n C 6 H I 2 - - O - - C H  3 
e C7H15 0 C6HI2--CN 
f CsH17 O 

gb CloH2I pl CH2_C/~ 
h CH2--C6H 5 
i CH2--C3F 7 OH 

CH3 ~H3 
q (CH2)3CN 

j (CH2)3- -S i - -O- -S i - -CH3 

CH3 CH3 r [(CH2)3-- N(CH3)3]CH3SO 4 (~ 

s (CH2)3COOC2H5 

~ 
OH 
I 

Seph.--O--CH2--CH--CH2--O--R. 

Substitution degree approx. 200 t~mol g-t gel. 

bMost proteins were adsorbed so strongly that they could not be recovered from the gel, not even with very 
chaotropic solvents. 

Serva Technik, Heidelberg) using silicone tubes and Teflon fittings with a 
Gilson Minipuls II pump. Elution volumes were measured using the UVI- 
CORD II absorptiometer (LKB Producter, Bromma, Sweden) at 284 nm. 

The buffer (pH 7.3) consisted of 500 cm 3 0.01 tool dm -3 KH2PO4, 
370cm 3 0.01moldm -3 NaOH, 5.59gNaCI, 0.175g NAN3, pL = 
1.073 g/cm 3. The void volumes Vo were determined using Dextran Blue 
2000 (Deutsche Pharmacia, Frankfurt). The internal volume vi was cal- 
culated using the following equation (7): 

Wr "pc 
v~ = �9 ( v , -  v0) (1 )  

Pr_(WJpL + 1) 

where Wr is the solvent regain, PL is the density of solvent (1.073 g/cm3), pc 
is the density of gel, and v, is the total volume of the packed column. 

Sepharose 4B was purchased from Deutsche Pharmacia, Frankfurt; all 
other chemicals, which were analytical grade, were supplied by Aldrich, 
Merck, Fluka, and Boehringer. The following proteins were used for 
chromatography: human albumin, prothrombin (concentrate), fibrinogen 
(bovine) (all Behring-Werke, Marburg), IgG, y-globulin (Fr. II) (Miles 
Laboratories Ltd., Slough, England), thrombin (Merck). 
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Sepharose 4B was substituted by reaction with epoxides catalyzed by 
boron trifluoride according to the procedure described in ref. (8) (for R, 
see Table 1): 

B F  3 

CH2- -CH - - CH 2- - O - - R  + Seph.--OFI , Seph . - -O- -CH2- -CH--CH2- -O- -R  (2) 
\ o  / I OH 

a-s 2a-s 

The  synthesis and analytical characterization of the epoxides as well as the 
determinat ion of the degree of substitution of the gels and the chromato-  
graphic characterization is described in detail in (9). Only gels with a 
comparable degree of substitution (approx. 200/xmol /g)  were used for the 
investigation described here. 

The elution volumes ve and v0 (for Dextran Blue) were measured in 
drops. During the running time of each chromatography (about 2 weeks), 
the gels were compacted, and the void volume v0, as well as in some cases the 
internal volumes v, decreased. To calculate K~, the corresponding vl had to 
be used. This could be done by plotting the v~ as a function of column height, 
as described earlier (9). All elution volumes were measured at least twice, in 
most cases more often. The results are given in Table 2 and are plot ted in 
Fig. 1 (average values). 

On the most columns thrombin showed two peaks, which were very 
broad and difficult to measure. Thus, the results for thrombin are not as 
accurate as for the other proteins. All data concerning this protein are for the 
peak with the lower re. 

R ESULTS 

The  gels listed in Table 1 were synthesized. For  comparison of the 
adsorptive forces of serum proteins on different gels, the latter had to have 
the same degree of substitution (approx. 200 /zmol /g  gel). All gels were 
represented by the general formula 

OH 
I 

Seph . - -O- -CH2--CH--CH2--OR (3) 

The substituents R are listed in Table 2. The exponent  1 means that 
protected substituents on gels [as described in (9), Table 1 ] were hydrolyzed 
to the hydroxyl compound, and chromatography was performed on the 
hydroxyl-containing substituted gels. 

Substitution degrees higher than approx. 200/x mol /g  were not possible 
on gels 2a, 2j, and 2n, because they had lost their pore structures and had a 
noncomparable  and extremely small vl and very low liquid flow. In this case, 
the hydrophobic interaction of the substituents forced the gel to contract  and 



T
A

B
L

E
 2

. 
C

h
ro

m
at

o
g

ra
p

h
ic

 R
es

u
lt

s ~
 

P
ro

te
in

 

S
ub

st
it

ue
nt

 
A

lb
um

in
 

G
lo

bu
li

n 
F

ib
ri

no
ge

n 
Ig

G
 

P
ro

th
ro

m
. 

T
hr

om
bi

n 
T

A
I 

p
.m

o
l/

g
 

ko
 

1o
 

K
2a

 
0.

67
0 

0.
63

2 
0.

38
0 

0.
60

3 
0.

69
3 

0.
79

0 
--

 
S

ep
ha

ro
se

 4
B

 
0.

04
1 

0.
03

1 
0.

06
1 

0.
07

0 
-0

.0
3

1
 

-0
.0

4
1

 
+

0.
13

1 
2b

 
0.

10
2 

0.
03

7 
0.

08
9 

0.
16

8 
0.

11
6 

0.
24

8 
0.

76
0 

2e
 

0.
06

5 
0.

00
7 

0.
10

3 
0.

02
4 

0.
02

9 
0.

01
 

0.
23

8 
2d

 
0.

05
4 

0.
13

7 
0.

24
2 

0.
01

9 
0.

03
4 

0.
20

5 
0.

69
2 

2e
 

0.
27

8 
0.

21
5 

0.
55

5 
-0

.0
4

 
0.

07
5 

0.
39

5 
1.

47
8 

2f
(1

) b
 

0.
32

8 
0.

06
2 

0.
34

9 
0.

08
9 

0.
05

4 
0.

15
2 

1.
03

4 
2f

(2
) 

>
 1

.0
0 

0.
12

5 
0.

37
3 

0.
13

1 
0.

01
5 

0.
02

8 
>

1
.6

7
2

 
2g

 c 
2h

 
0.

00
3 

0.
02

2 
0.

13
5 

0.
02

0 
0.

02
4 

-0
.0

5
8

 
0.

14
6 

2i
 

0.
13

6 
-0

.0
5

3
 

0.
37

9 
0.

11
1 

0.
02

3 
0.

07
5 

0.
67

1 
2j

(1
) 

-0
.0

0
8

 
-0

.1
1

7
 

-0
.0

2
3

 
-0

.1
2

6
 

-0
.1

7
0

 
-0

.1
2

1
 

-0
.5

6
5

 
2j

(2
) 

0.
02

3 
0.

01
2 

0.
00

3 
0.

04
9 

0.
04

2 
-0

.0
4

1
 

0.
08

8 
2k

1(
1)

 
-0

.1
6

2
 

-0
.2

1
7

 
0.

11
6 

-0
.1

1
5

 
-0

.1
8

1
 

-0
.2

9
1

 
-0

.8
5

0
 

2k
2(

2)
 

0.
00

0 
-0

.0
4

4
 

0.
11

6 
-0

.0
1

7
 

-0
.1

5
3

 
-0

.0
0

2
 

-0
.1

0
0

 
21

 
-0

.0
0

1
5

 
-0

.0
0

4
 

0.
14

6 
-0

.0
3

6
 

0.
00

2 
0.

05
3 

0.
15

9 
2m

(1
) 

0.
00

8 
-0

.0
1

3
 

0.
23

6 
-0

.0
3

7
 

-0
.1

7
5

 
"0

.2
4

1
 

-0
.2

2
2

 
2m

(2
) 

0.
05

3 
0.

05
9 

0.
13

2 
0.

05
5 

0.
08

5 
-0

.0
2

2
 

0.
36

2 
2n

 
0.

07
2 

0.
09

5 
0.

11
9 

0.
12

5 
0.

07
0 

-0
.0

3
5

 
0.

44
6 

20
 

-0
.0

3
8

 
0.

03
4 

0.
27

6 
0.

05
6 

-0
.0

3
6

 
-0

.1
9

1
 

0.
10

1 
2p

 1
 

-0
.0

3
3

 
-0

.0
6

2
 

0.
31

1 
-0

.0
0

7
 

(0
.0

06
) 

-0
.0

6
8

 
-0

.1
4

7
 

2q
 

-0
.0

5
2

 
0.

03
9 

-0
.0

0
9

 
-0

.0
9

1
 

-0
.0

1
0

 
-0

.1
1

4
 

-0
.2

3
7

 
2r

 
0.

25
0 

0.
12

0 
0.

48
1 

0.
12

6 
0.

19
8 

0.
23

9 
1.

41
4 

2s
 

0.
10

6 
0.

13
3 

0.
34

3 
0.

11
4 

0.
11

5 
0.

09
3 

0.
90

4 

10
0 

10
0 

36
0 

10
5 

:Z
 

7,
 

~ R
el

at
iv

e 
ad

so
rp

tiv
iti

es
 A

K
~ =

 K
, -

K
2o

. 
bN

um
be

rs
 in

 b
ra

ck
et

s i
nd

ic
at

e d
if

fe
re

nt
 ex

pe
ri

m
en

ts
 w

ith
 g

el
s o

f d
if

fe
ri

ng
 su

bs
tit

ut
io

n 
de

gr
ee

; s
ee

 T
ab

le
 3

. 
'T

he
 p

ro
te

in
s w

er
e 

ad
so

rb
ed

 ir
re

ve
rs

ib
ly

 an
d 

co
ul

d 
no

t b
e 

el
ut

ed
. 

r~
 



~K
 i 

1,
4.

~ 
TA

I 
(li

lt 
1-

6)
 | la

 

o
J 

o.
| 

o,
i 

o.
1 

@
o.,

 
s 

~ 

S,
ph

.-~
 

--
0.

4 

--
O

.S
, 

--
0.

~
 

-0
.~

 

--O
.S.

 

-0
.~

 

-1
.0

 

: 
2k

' 

  r'
2

 

.?
 

2
p

 
~ 

s-
- 

-3
 

-m
 

--
s 

~
rs

 
*'

1 

zJ
 

2b
 

2,
, 

5
.
 

1 
4 

4 Z
 

Is
4z

 
~ 

s 
2 

2~
 

2~
 

2.
~ 

2,
, 

2~
 

2u
 

2,
 

s-
-.J

 

A
lb

u
m

in
 

~-
G

lo
b

u
li

n
 

Fi
br

in
og

en
 

Ig
G

 

P
ro

th
ro

m
bi

n 

Th
ro

m
bi

n 

�9
 

t 

,,i
 

21
 

2g
 

2s
 

2h
 

2j
 

FI
G

. 
1.

 A
ds

or
pt

iv
it

ie
s 

of
 s

ub
st

it
ut

ed
 g

el
s 

(a
pp

ro
x.

 2
00

 ~
m

ol
/g

) 
ex

pr
es

se
d 

in
 K

i 
an

d 
T

A
I 

va
lu

es
). 

T
he

 
nu

m
be

rs
 1

-6
 i

nd
ic

at
e 

th
e 

K
t 

va
lu

es
 f

or
 p

ro
te

in
s 

1-
6 

on
 g

el
s 

2a
-2

s.
 F

or
 g

el
 2

g,
 s

ee
 f

oo
tn

ot
e 

in
to

 T
ab

le
 2

. 

_'
e 

~
O

 



226 KISSING AND REINER 

finally collapse. The term v; is a measure of the unchanged pore structure of 
the gels, because destroying the pore structure would result in smaller 
internal volumes and consequently in a change in the exclusion limits of the 
gels compared to Sepharose 4B. This would result in gel chromatographic 
effects, i.e., in a dependence of the elution volume ve of the proteins on the 
molecular weights. We did not find such dependence. As we showed in (9), 
the internal volumes of the compared gels remained unchanged by the 
substitution reaction. The results of the chromatography are given in Table 
2. 

P R E S E N T A T I O N  OF E X P E R I M E N T A L  D A T A  

Methyl Sepharose 2a (R=CH3;  see Table 2), being the gel with the smallest 
organic substituent, was chosen as reference gel. Gel 2a also proved to be 
less adsorbing than the more hydrophilic Sepharose 4B. Table 2 shows the 
results of the chromatography. For comparison of the adsorptive properties 
of the gels, Ki (i = running index) is compared to the standard Kza by a 
relative adsorptivity scale, defined by the equation 

AKI = K~ -K2a  

[ K i > 0  therefore means that the adsorption strength of the considered 
protein on gel i is stronger, and K~ < 0, that it is smaller than on gel 2a. The 
first line in Table 2 gives the K~ values of Methyl sepharose 2a, all others are 
AK~ values. 

As a measure for the total adsorptivity, we defined a total adsorptive 
index (TAI), which is the total of the adsorptivities of all proteins: 

TAI = Y~ aj.  AKi 

where a i is a "physiologic index" describing the importance of the protein .I' 
for the generation of a thrombus by contact of an implant material in the 
bloodstream with the functional groups at the surface as chosen in substi- 
tuent i. The a] index is definitely different for each protein, because some 
adsorbed proteins (e.g., albumin) seem to prevent formation of a clot on a 
surface, while others play a role in the activation of the clotting cascade. 
Glycoproteins like fibrinogen are of importance for the adhesion platelets. 

Table 3 shows the influence of the degree of substitution. The ATAI 
values describe the difference of the TAIs between two gels carrying the 
same substituent indifferent concentrations (see below). It was shown (11) 
that the capacity of the columns was sufficient, the internal volumes were 
unchanged by the substitution reaction, and the distribution constants Ki did 
not correlate with the molecule mass of the proteins, i.e., gel chromato- 
graphic effects were excluded. 
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DISCUSSION 

General Considerations 

The relative adsorption energies Ei of the gels toward a protein can be 
expressed as the sum of three partial energies [hEi is the difference between 
the adsorption energy toward gel i (Ei) and the adsorption energy toward 
Sepharose 4B (E)]: 

1. Adsorption energy of the functional end group (AEs) of the substi- 
tuent 

2. Adsorption energy of the alkyl chain (AEc) of the substituent 
3. Adsorption energy of the matrix (Sepharose 4B, AEM) 

Agarose gels cause very little denaturation or adsorption of sensitive 
biochemical substances because of their hydrophilic nature and the nearly 
complete absence of charged groups. 

Since the matrix was Sepharose 4B in all cases and the reaction 
conditions for the substitution of Sepharose were the same for all gels, hEM 
is only dependent on the substituent and the protein. A change of exclusion 
limits was shown to be unlikely (9,11), and the microenvironment may be 
assumed to be very much alike in all gels, since the method of preparation 
and the degree of substitution were the same for all gels. 

AEs and AEc are dependent on the protein. The total relative adsorp- 
tion can be expressed as follows: 

AEI = AEc + AEs + hEM (4) 

AEc as well as AEs are of the greatest interest, especially for the design of 
protein nonadsorbing polymers, or at least their surfaces. For the 
measurement of the influence (AEs) of the functional group on the adsorp- 
tion of proteins, AEc = constant would be advantageous. An alkyl chain has 
to be chosen that is just long enough to bring the functional end groups into 
optimum contact with the protein. By using larger alkyl chains, the influence 
of the functional group on the adsorption of proteins can be superceded by 
the influence of the alkyl chain. 

AEc is not linearly dependent on the chain length; it is a function of the 
chemical environment in the bound state. If AEc were linearly dependent 
on the chain length, the binding forces would increase linearly with the chain 
length. The results showed, however, that the increase of the binding force 
(represented by the distribution coefficient Ki) was neither linear nor 
unlimited. A "critical chain length" with a maximum adsorptivity was 
observed. Similar effects have been observed by others. Davey, Sulkowski, 
and Carter (15), for example, found that both human as well as rabbit 
interferons are bound irreversibly to a Cs-substituent, but that rabbit 
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interferon does not bind to C4 and is irreversibly bound by C10. By contrast, 
human interferon binds considerably to C4, but reversibly to Clo. Longer 
alkyl chains showed a decrease in binding affinity (see Table 2). This can 
readily be explained by the observation that alkyl chains tend to fold (12) 
from a certain chain length onward due to intermolecular hydrophobic 
binding. 

AEs and AEM probably are complicated functions, too. The adsorption 
energy is a function of the contact area of the protein with the adsorbent. 
Very short substituents can hardly interact with the protein, so that the 
adsorption energy is almost completely represented by the terminus EM. 
Adsorption on the matrix surface itself may result in protein deformation. 

The contact area and thus the partial energy AEc increases with 
increasing chain length. During the binding to the substituent, the protein 
may deform to obtain maximum hydrophobic contact with the alkyl chain. 
Longer and more hydrophobic alkyl chains may even cause a denaturation 
of the proteins, due to the "detergentlike" action of ~he hydrophobic ligand 
(10,12). This effect may explain the irreversibility of the binding of albumin 
on gels containing C8 and longer alkyl chains (Table 2, gel 2g). 

Influence of Hydrophobic Substituents 
The replacement of the H atoms in the Sepharose-OH groups by a 

hydrophobic and covalently bound CH3 group will drastically change the 
state of order of the water, which will lead to a different adsorption capacity. 
In fact, we found that the TAI and the adsorptivity (expressed by Ki), 
respectively, were lower for gel 2a than for Sepharose itself. The replace- 
ment of a c n 3  group by another longer alkyl group will probably have a less 
dramatic impact on the state of order of the bound water molecules in the 
pores than the replacement of relatively mobile H atoms by the CH3 group. 

Replacement of the CH3-group of gel 2a by a longer alkyl group 
generally increased the relative adsorptivity (Table 2). The "critical chain 
length," where the proteins showed maximum adsorption on the gels, was 
different for each protein: fibrinogen, thrombin, and 3,-globulin showed the 
strongest adsorption forces, with a chain length of seven C atoms, whereas 
the maximum adsorption forces for IgG and albumin occurred with a longer 
chain (see Table 2). The maximum adsorbing chains for these two proteins 
were not determined, but the critical chain length, at least for albumin, was 
somewhat higher than C8. Albumin was bound so strongly to a decyl- 
substituted gel that it could not be desorbed from the gel, not even with 
denaturing buffer systems such as "blood buffer"/glycol, 1:1. Similar 
results were found by Hofstee (13,14). These results for the single proteins 
are also expected to be found in the total adsorptivities for all proteins (TAI) 
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(see Fig. 1; TAI for 2a < 2b < 2d < 2e < 2f < 2g). They also show the effect of 
the branching of the alkyl chain (compare, e.g., 2b v 2c, 2b v 2d, and 2e, 
2j v 2e), which makes the substituent more bulky and less able to enter very 
small hydrophobic crevices in the protein surface. Branching effects have 
also been observed by others (13,15). 

Influence of Hydrophilic and Polar Substituents 

The influence of the hydrophilic or polar functional end group of the 
alkyl chains can be observed directly without considering the influence of the 
alkyl chains by comparing the hexyl-alkyl-substituted gels 2d (substituent 
C6H12--H), 2e (C6Hx2--CH3), and 2f (C6HI2--C2H5) with gels where the 
alkyl group of a hexyl moiety is replaced by a functional group, i.e., 2m 
(C6HxE--OH), 2n (C6H12--OCH3), or 20 (C6H12--CN). The gels 2m, 2n, 
and 2o are much less adsorptive than the hydrophobic hexyl-alkyl-substi- 
tuted gels 2d, 2e, and 2f, as expressed in TAI values (Fig. 1). Increasing the 
polarity and hydrophilicity in the chain also reduces the adsorptivity 
compared to an alkyl chain of identical length (2s v 2e). 

The influence of the functional group on gels with a shorter alkyl chain 
is not so easy to interpret because the influence of the matrix surface on the 
adsorption (AEM) may be of the same magnitude, and the former might be 
screened. In many cases, however, at least the trend of their impact on the 
adsorptivity could be seen. Thus, a positive surface charge (produced by a 
quaternary ammonium group) in 2r produced a strong adsorptivity toward 
all proteins, whereas a gel with negative charge (2p I) (the carboxyl groups 
are partly ionized at the pH of the buffer) showed relatively low affinity for 
the proteins. 

Very interesting is the low adsorptivity of CN groups containing 
substituents (see Fig. 1, 2q, 2o). Especially in the case of hexyl-substituted 
gels (2d v 20), the adsorptive forces reducing influence of the CN group can 
easily be observed. 

Influence of Degree of Substitution 

The influence of the degree of substitution is demonstrated in Table 3. 
Here the (TAI)i for two different degrees of substitution for the same 
substituent are compared by subtracting (TAI)Iow of the lower substituted 
gel from the (TAI)hi~ of the higher substituted gel: 

A(TAI) = (TAI)hi,h -- (TAI)low 

that is, A(TAI)> 0 means higher adsorption on the higher substituted gel. 
For the proteins investigated here, the higher substituted gels generally 
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showed a higher total adsorptivity. It has been demonstrated by Hofstee 
(13), however, that the hydrophobicity of the substituent, and not the degree 
of substitution, is the limiting factor (16). 

SUMMARY 

The adsorption of different serum proteins was chromatographically 
measured under standardized conditions. The results show that Sepharose 
4B adsorbs serum proteins more strongly than a methyl-substituted 
sepharose gel (gel 2a). Gels with substituents with chain lengths from C1 to 
C5 show only relatively low adsorptivity. A protein dependent critical chain 
length of the substituents with stronger binding forces toward these proteins 
could be identified. A branching of the substituents and very voluminous 
groups reduce hydrophobic binding forces. Among the functional end 
groups investigated in this work, hydrophilic moieties, carboxylate, and 
cyano groups proved to be low serum protein adsorbing functional chemical 
groups. 
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NOMENCLATURE 

internal volume of gels 
void volume 
total volume of packed column 
elution volume for the particular protein 
distribution coefficient for protein between gel (i) and  mobile phase (buffer); 
K i  = (re - Vo)/Vi 
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