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Abstract: Protein adsorption studies returned to the focus 
of medical therapeutics, when it was found that up to 2500 
non-plasma proteins adsorbed to hip implants during arthro-
plastic surgery, challenging peri-implant healing models. 
Questions have re-emerged as to the implications of uncon-
trolled protein unfolding after adsorption. In past studies 
on the cooperativity of protein binding we discovered pro-
tein adsorption hysteresis, a thermodynamically irreversible 
process. The present precursory study comprises real-time 
kinetic (TIRF-Rheometry) and equilibrium (125I-tracer) 
studies on the hysteretic binding of fibrinogen and rhBMP-2 
to titanium and glass surfaces via transient states. Thermo-
dynamic constants (DGO''), as well as kinetically derived 
(K'A) and hysteresis derived (K'HA) association constants 
in the range of 106 to 1012 M-1 lead to a consistent picture. 
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1 Introduction 

Recently we published the proteomic composition 
(implantome) of the first protein layer on hip implant shafts 
intra-surgically retrieved after 2 min for the first time [1,2]. 
The implantome consisted of 2802 protein entities. The 
adsorption of proteins on surfaces generally occurs in the 
form of an adsorption-desorption hysteresis loop [3,4]. The 
desorption isotherm does not retrace the adsorption isotherm 
as a result of thermodynamic irreversibility. In the two-state 
domain model of a hysteresis cycle the apparent binding 
constants (K'A) for the adsorption and desorption branches  
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of the hysteresis loop can be calculated. The evaluation of  
hysteretic data is based on the model-assumption that the 
long-lived metastable states of the local energy minima can 
be treated thermodynamically as true equilibria ([5]).  
 

2 Materials and Methods 
Proteins. Bovine fibrinogen (m = 340 kDa [6]; 95-98% 

clottability) was purified from frozen bovine blood plasma by 
classical means as described in [6] and stored at -80°C. 
Human fibrinogen (95-98% clottability) was purified from 
human blood plasma by critical hydrophobicity hydrophobic 
interaction chromatography (HIC) in one step [6]. 
Recombinant human bone morphogenetic protein (rhBMP-2; 
m = 26 kDa [10]) was prepared in E. coli [7,8] with a 
biological activity equivalent (K'0.5) of 2-10 nM [9,10].  

Batch Measurements on titanium miniplates. Electro-
lytically polished titanium miniplates (5 x 10 x 1 mm) were 
cleaned with acetone as described (advancing contact angle 
70-80°) [11]. Human fibrinogen was radioactively labelled 
by 125I according to McFarlane [12] and stored at -80°C. As 
shown by Schmitt et al. [13] 125I fibrinogen labelled by the 
iodine monochloride method shows no preferential 
adsorption in comparison to the non-labelled species.  

Adsorption isotherms (Langmuir and Freundlich types) 
[3] were determined in buffer A (50 mM Tris, 150 mM 
NaCl, 1 mM EDTA, pH 7.4) by incubation of acetone treated 
miniplates in solutions of increasing 125I-fibrinogen 
concentrations until apparent adsorption equilibrium after 12 
hours and measuring the bound radioactive fibrinogen.  

For desorption isotherms 125I-fibrinogen loaded mini-
plates were incubated in defined volumes (2-200 ml) of  
sterile buffer A solutions for 48 hours to apparent desorption 
equilibrium at decreasing concentrations followed by 
analysis of residually bound 125I-fibrinogen. The Freundlich 
isotherms were converted to the Hill isotherms [3] and the 
half-saturation constant KHD (= K0.5) was calculated from the 
Hill constant according to KH= (K0.5)nH [3]. The reciprocal of 
KHD [M] is the here employed association constant KHA [M-1]. 
In the desorption kinetic studies readsorption was prevented 
by a continous flow-through system.  
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TIRF-Rheometer [14] analysis on quartz glass. Highly 
polished quartz glass discs (Suprasil I, Ra ~1-3 nm, Æ = 36 
mm, 0.9 mm thick) were cleaned in chromosulfuric acid 
(CSA) as described (θAdv = 0-10°) [15]. Kinetic measure-
ments of bovine fibrinogen (95-98% clottability) were 
performed in buffer A by total internal reflection fluores-
cence (TIRF) utilizing the air-bubble technique (BLEB [16]) 
in a flow-through TIRF-Rheometer cell [15,16], employing a 
Spex Fluorolog spectrometer Model F112 (Instruments SA, 
München) with a xenon lamp (excitation: l = 290 nm, 
emission: l = 350 nm) for analysis of tryptophan 
fluorescence [15]. Solutions of rhBMP-2 (e.g. 0.1 mg/ml, 
3.8µM) were adsorbed and desorbed in 50 M sodium acetate 
buffer, pH = 4.5 (buffer B). After obtaining adsorption 
equilibrium in ca. 5 min rhBMP-2 was desorbed for 20 h.  

The resulting exponential adsorption kinetics at 
increasing concentrations yield a series of observed rate 
constants (kobs) from which the on-rate (k+1) and off-rate (k-1) 
constants can be calculated. Since the observed transient 
protein states are metastable [3,4] the derived constants are 
labeled as "apparent" by (') [3] e.g. K' as K-prime. 

Thermodynamic evaluation. Long-lived metastable 
states, corresponding to local energy minima, can be treated 
thermodynamically as true equilibria (see [3,5]), allowing the 
calculation of apparent standard Gibbs free energies (double 
prime): DGO'' = -RT ln K' (R = 8.314472 J/K-1 mol-1; absolute 
Temperature T = 298 K (= RT 25 °C); the ln of the constants 
K'A, K'HA. For curve fitting and statistical analysis the PC 
program Graphpad Prism Vers. 4. was employed.  

3 Results and Discussion 
3.1 Adsorption Hysteresis of 125I-Fibrino- 

  gen on Titanium Miniplates 
Although adsorption isotherms of fibrinogen on titanium 

and glass can often be fitted to hyperbolas [17], they are not 
true Langmuir isotherms, since the fundamental postulates of 
Langmuir are not fulfilled [18,19]. In Fig. 1A one adsorption 
isotherm (solid symbols) and three desorption isotherms 
(open symbols, so-called scanning curves) of fibrinogen 
hysteresis on miniplates are shown in a double log plot as 
Freundlich isotherms (no chemisorption as in [17]). The desor-
ption isotherms originate at the upper closure point (special 
symbols). For the adsorption isotherm a 2.6 x 106 M-1 
and for the top desorption isotherm a 2.9 x 1011 M-1 
are obtained. In Fig. 1B two first order off-rate constants of a 
two-phase exponential desorption (k-1 = 1.2 x 10-5 s-1 and k-2 = 
2.6 x 10-7 s-1) are derived. It is assumed, that the uncertainty 
in calculating the apparent binding constants (K'A) from the 
on-rate constant on polished glass (Fig. 2) and the off-rate 
constants on polished titanium (Fig. 1B) is tolerable. The 

constants derived from Fig. 1 are shown in Table 1 
indicating four transient states. From the difference of the 
two app. standard Gibbs free energies of adsorption (DGaO'' = 
-36.0 kJ mol-1)  and desorption  (DGd

O'' = -64.3 kJ mol-1 ) an  
 

A.  

 
B. 

 

 
irreversible change of DiGO'' = -28.3 kJ mol-1 can be calcu-
lated,  the energy cost of multivalence-caused conformational 
change. For the difference of the transient states 03 and 04  

Table 1 
Equilibrium and kinetic constants derived from Fig. 1. 

125I-Fibrinogen (Adsorption-Desorption Hysteresis) 

Sorption 
States 

k'+1 
M-1 s-1 

k'off 
s-1 

K'HA K'A DGO'' 
kJmol-1 M-1 

State 01 
(Fig. 1A) - - 2.6 x 106 -36.0 

State 02 
(Fig. 1A) - - 2.9 x 1011 -64.3 

State 03 
(Fig. 1B) 

3.4  ± 0.5* 
x 105 

1.2  ± 0.4 
x 10-5 2.8 x 1010 -58.6 

State 04 
(Fig. 1B) 

3.4  ± 0.5* 
x 105 

2.6  ± 0.6 
x 10-7 1.3 x 1012 -68.0 

  *On-rate constants of Fig. 2A.; mean ± S.D. 

A
HAK' =

D
HAK' =
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 (Table 1) an apparent dissipated Gibbs free energy of DiGO'' 
= -9.4 kJ mol-1 is obtained. The DGd

O'' = -58.6 kJ mol-1 (298 
K) of state 03 is in good agreement with the voltammogramic 
values of DGO

ADS = -54.2 kJ mol-1 (310 K) in [17]. In com-
parison the hydrolysis of ATP yields DGO ' ~ -30 kJ mol-1. 
 
3.2 Evanescent Wave Kinetics of 

  Fibrinogen on Quartz Glass 
In Fig. 2A the kobs-values derived from separate 

exponential adsorption kinetics of fibrinogen on quartz glass 
via TIRF-rheometry (see [15]) are plotted as a linear function 
versus the initial fibrinogen concentration. The apparent on-
rate constant k'+1 = 3.4 x 105 M-1s-1 [15] is obtained from 
increment and the off-rate constant (k'-1 = 8.1 x 10-2) from the 
intersect with the ordinate. The on-rate constant (k'+1) also 
allows an unbiased calculation of the binding constants from 
the off-rate constants of Fig. 2B (see Table 2). It appears that 
the final affinity of fibrinogen for the titanium surface 
(Table 1) is ca. one order of magnitude higher than for glass. 
The affinity of fibrinogen in state 01 with a binding constant  
 

A. 

 
B. 

 
Fig. 2  
Determination of apparent adsorption and desorption rate 
constants of fibrinogen on quartz glass by TIRF-Rheometry. 
A. kobs-plot for the determination of k'+1 and k'-1 of the initial 
complex. Dashed lines: boundaries for 95% confidence. 
B. The two-phase exponential desorption from the quartz 
glass was measured by TIRF under conditions of minimal 
bleaching and correction of quenching (A. from ref. [15]). 

Table 2 
Equilibrium and kinetic constants for three fibrinogen 
transient states on quartz glass as measured by evanescent 
wave technology [15] derived from Fig. 2.* 

Fibrinogen (TIRF-Rheometry) 

Sorption  
States 

k'+1 
M-1 s-1 

k'-1 
s-1 

K'A 
M-1 

DGO'' 
kJmol-1 

State 01 
(Fig. 2A) 

3.4 ± 0.5 
x 105 

8.1 ± 0.02 
x 10-2 4.1 x 106 -37.1 

State 02 
(Fig. 1B) 

 3.4 ± 0.5 
x 105 

2.0 ± 0.6 
x 10-4 1.7 x 109 -51.8 

State 03 
(Fig. 2B) 

3.4 ± 0.5 
x 105 

5.9 ± 3.0 
x 10-6 5.7 x 1010 -60.4 

      mean ± S.D. 

of 4.1×106 M-1 increases versus state 02 by over two-orders 
of magnitude with a DiGO'' = -14.7 kJ mol-1 and versus state  
 
3.3 Evanescent Wave Kinetics of 

  rhBMP-2 on Quartz Glass 

A. 

 
B. 

 
Fig. 3 
Determination of apparent adsorption and desorption rate 
constants of rhBMP-2 on quartz glass by TIRF-Rheometry. 
A. kobs-plot for the determination of k'+1 and k'-1 of the initial 
complex. Dashed lines: boundaries for 95% confidence. 
B. Two-phase exponential desorption of rhBMP-2 in quartz 
glass TIRF-cell after 5 min in residence following saturating 
exponential adsorption (~50 s) under conditions of minimal 
bleaching and correction of quenching (see ref. [15]). 
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03 by another order of magnitude DiGO'' = -8.6 kJMol-1. Thus 
three transient states of fibrinogen cover ca. four orders of 
magnitude at a cost of ca. DiGO'' = -23.3 kJ mol-1. The values 
of DGO'' =-52 to -60 kJ mol-1 (Table 2) are in good agreement 
with the voltammogramic DGO

ADS = -52 to -55 kJ mol-1 [17]. 
     A kinetic analysis of the adsorption of rhBMP-2 on quartz 
glass is shown in Fig. 3. This is of interest since rhBMP-2 
has been adsorbed on titanium surfaces for the preparation of 
successful bioactive implants in sheep [7]. The cystine-
knotted BMP-2 molecule might resist adsorption hysteresis 
and possibly unfolding on surfaces. As derived from Fig. 3 
and Table 3, the rhBMP-2 molecule runs through similar 
transient states 01 and 02 (DiGO'' = -8.3 kJ mol-1) followed by 
states 02 and 03 (DiGO'' = -5.4 kJMol-1) with affinities over 
three orders of magnitude similar to fibrinogen. A DGO'' = -
51.3 kJ mol-1 compares to ca. 13 H-bonds. Referable adsorp-
tion rate constants for proteins of kon ~105 M-1 s-1 were pub-
lished by Aptel et al. [20]. Desorption rate constants in the 
range of 10-4 - 10-6 s-1 have been reported by Huetz et al. [21]. 

Table 3 
Equilibrium and kinetic constants derived from Fig. 3*. 

rhBMP-2 (TIRF-Rheometry) 

Sorption  
States 

k'+1 
M-1 s-1 

k'-1 
s-1 

K'A 
M-1 

DGO'' 
kJ mol-1 

State 01 
(Fig. 3A) 

6.5 ± 0.4 
x 104 

1.3 ± 2.2 
x 10-2 5.0 x 106 -37.6 

State 02 
(Fig. 3B) 

6.5 ± 0.4 
x 104 

4.3 ± 0.2 
x 10-4 1.5 x 108 -45.9 

State 03 
(Fig. 3B) 

6.5 ± 0.4 
x 104 

1.6 ± 0.1 
x 10-5 1.4 x 109 -51.3 

*mean ± S.D. 
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