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We report the study of the dynamics of the unbinding process
under a force load f of adsorbed proteins (fibrinogen) on a solid
surface (hydrophilic silica) by means of atomic force microscopy
spectroscopy. By varying the loading rate r¢, defined by f = ret, t
being the time, we find that, as for specific interactions, the mean
rupture force increases with rr. This unbinding process is analyzed
in the framework of the widely used Bell model. The typical
dissociation rate at zero force entering in the model lies between
0.02 and 0.6 s~'. Each measured rupture is characterized by a
force fo, which appears to be quantized in integer multiples of
180-200 pN.

dsorption of proteins on solid surfaces is a complex phe-

nomenon involving processes with time scales spanning
over several orders of magnitude. Radiolabeling and optical and
spectroscopic techniques were often used to investigate adsorp-
tion processes of proteins over time scales ranging from a few
minutes to several days. It has been shown, for example, that
proteins can, once in contact with the surface, gradually change
their conformation (1), which seems to constitute one of the
motors of the strong interaction between proteins and surfaces.
With the recent development of local probe techniques such as
atomic force microscopy (AFM), much shorter time scale pro-
cesses became accessible. We have shown that a minimal inter-
action time of the order of 50-200 ms between a fibrinogen
molecule and a silica surface is required for fibrinogen to
establish a strong measurable interaction with a solid hydrophilic
surface (2). We could also follow the anchoring process of the
protein on the surface leading to an increase of the measured
rupture forces with the protein/surface interaction time. These
new investigation tools working at the molecular level have,
however, up to now, been applied mainly to the investigation of
ligand/receptor interactions (3-11), and only very few studies
concern the area of nonspecific interactions (12, 13). Moreover,
these techniques are still under development, and the precise
physical meaning of the measured quantities is still not fully
clear.

For example, with AFM one measures rupture forces between
the cantilever, or whatever is fixed on it, and the surface or the
molecules fixed on it. To measure these forces, the surface is
steadily retracted from the cantilever at a given retraction rate.
This leads to a gradual increase of the force acting on the
cantilever. In the case of ligand/receptor interactions, one knows
since Bell (14) that the unbinding between the two proteins is a
stochastic process whose rate greatly depends on the force acting
on them. As a consequence, Evans (15) showed that the rupture
force measured in AFM spectroscopy should depend on the
retraction rate. This was clearly demonstrated for ligand/
receptor systems over the last year (7, 9). A change of the
retraction rate in AFM experiments thus gives access to the
dynamics of proteins. This, however, also renders the interpre-
tation of the measured rupture forces more difficult.
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It is, however, unclear whether the dependence of the mea-
sured rupture forces with the retraction rate observed for
specific interactions also shows up for proteins adsorbed on
surfaces, which most likely create multiple links with the surface.
In this article, we will show, by studying the behavior of
fibrinogen molecules adsorbed on a cantilever and interacting
with a silica surface, that this is indeed the case. Moreover, we
will analyze our system in the framework of the Bell model and
determine, in particular, the characteristic off-rate constant of
this system. This constant plays a fundamental role in the
adhesion of the cell on biomaterials and has been measured for
a great number of specific interactions (16).

The Bond Rupture Model in AFM Experiments

In 1978, Bell (14) first emphasized that the bond dissociation rate
between a ligand and its receptor should increase if an external
force f is applied on the complex to pull the proteins apart. Bell
derived an expression for the off rate in the form:

v= wﬁxp(%) R [1]

where vy corresponds to the off rate at f = 0, and fj is a
characteristic force of the bond. Expression 1 can be explained
as follows: the unbinding of two interacting proteins is the result
of a diffusion process out of an energy well U(x) (Fig. 1), which
represents the interaction of one protein (protein 1) located at
a distance x from another protein (protein 2). Applying a
constant force f on protein 2 is equivalent to applying to this
protein a force deriving from the potential energy V(x) = —fx.
Thus, under the influence of a constant force, protein 2 diffuses
in an effective potential U(x) — fr (Fig. 1). This constant force
leads to the appearance of an energy barrier whose height, when
f is small, roughly varies as —fAx;, where Ax, is the distance
between the bound state (minimum of the energy well) and the
transition state (top of the energy barrier). One can then, in first
approximation, assume that the probability for protein 2 to
diffuse over the energy barrier per unit time, varies as:

fAxy
Vv = poeXp kBiT )

where kgT represents the thermal energy. Expression 2 is similar
to 1 with fy = kgT/Ax,. This analysis has been refined recently
by Evans and Ritchie (15) by taking the diffusion process along

[2]

Abbreviation: AFM, atomic force microscope (or microscopy).
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Fig. 1. Potential energy well U(x), defined by its depth —ug and range ro
(—5kgTand 0.1 nm, respectively, in thisexample), representing the interaction
between a particle and a surface, modified by the mechanical force f applied
to the particle initially located in the well. An increase of this force reduces the
height of the energy barrier the particle has to overcome to achieve its
detachment from the surface.

the dissociation path into account. They have, in particular,
shown that the prefactor vy in Eq. 1 should be changed into v
g(f), where g(f) is related to the force-depending width of the
energy barrier. However, this often constitutes a second order
effect when compared with the variations of v(f) because of the
changes in exp(f/fo), and most of the unbinding experiments are
interpreted within the framework of the Bell model defined by
Expression 1 (9, 14, 16).

In force measurement experiments as they are carried out with
AFM, the applied force f is not constant, but increases linearly
with time #: f = r¢t, where ryrepresents the constant loading rate.
According to Evans and Ritchie (15), when the loading rate is
constant, the probability density ¢(f) to observe a bond rupture
of an adsorbed molecule at the force f is expressed by:

v 1(f
wm:g)exp<—J' V(f')df')~ [3]

re
o

The mean rupture force, which is measured in AFM, is then
given by.

= f " felpdf. (4]

Assuming that the dissociation rate is given by Eq. 1, one can

easily show that
% =foexp<y°7]%) E, ( ol 0) , [5]

rf rf

where E; is the “exponential integral”” (17). It can be noticed that
a{f)/arg, = 0, so that increasing r¢ always leads to an increase of
the measured mean force (f), which corresponds to the Bell-
Evans effect. After multiplication of both members of Eq. 5 by
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vo/ry, it appears that vo(f)/ry is a function of the unique variable

x = ry/wofo:
nolf? = %exp( 1>E1<1) . [6]

Iy X X

Expression 6 thus shows that if relation 1 for the off rate is valid,
all of the experimental data (7 (f)) should lie on a unique curve

in the variables
< Ty vo(f >)
vofo T, F '

We will now verify whether the off rate of fibrinogen molecules,
interacting nonspecifically with a silica surface, follows relation
1 despite the fact that fibrinogen should form multiple links with
the surface. This interaction will be characterized by the two
parameters fy and v entering in relation 1. It can be pointed out
that, because of the Bell-Evans effect, it is meaningless to give
values of AFM measured rupture forces without specifying the
loading rate. Only fy and vy are in fact meaningful quantities
within this model. It may also be noticed that the mean force ( f)
(Eq. 5) does not follow a logarithmic law, in contrast to the most
probable force f* defined by (d¢/dfl=) = 0 with v(f) given by
Eq. 1 (15, 18).

Materials and Methods

Human fibrinogen (F-4883) was purchased from Sigma and used
without further purification. The protein solutions were pre-
pared by dissolving 20 mg of fibrinogen in 100 ml of 10 mM PBS
buffer, pH 7.4, at 25°C. All of the chemicals were of analytical
grade and were used without further purification.

The experiments were performed on a specially designed
AFM used in force-spectroscopy mode (2, 3). The cantilevers
(Model MLCT-AUHW, Park Scientific, Sunnyvale, CA) used
for the different experiments came from the same wafer. By
using the thermal fluctuation technique (19), we could verify
that the spring constants of the cantilevers used here were of
30 = 5 mN-m~!, consistent with the value given by the manu-
facturer (30 mN-m~!). Our instrument allows performance of
“approach/retraction” cycles, in which the different cycle pa-
rameters (interaction time, approach, and retraction rates) can
be varied independently. In these experiments, we kept both the
approach rate and the interaction time fixed and varied the
retraction rate r.. The typical evolution with time of the position
of the surface mounted on the piezoelectric device is represented
in Fig. 2, where AC, CD, and DF correspond to the approach,
constant load, and retraction phases, respectively. The approach
rate was equal to 900 nm-s~!. The retraction rate was varied in
the range of 18 nm-s™! to 9.10* nm-s~'.

The experiments were performed as follows. Fibrinogen was
first adsorbed on the SizN4 crystal, forming the AFM tip, by
incubation of the cantilevers for 3 hours in the fibrinogen
solution. As the typical dimensions of a fibrinogen molecule are
5 X 9 X 45 mm? (8), and as the cantilever ends with a roof-like
shape not longer than 50 nm, only a small number of fibrinogen
molecules are expected to be in a position to interact with the
surface. The coated tip was then brought into contact with a
hydrophilic silica surface (glass coverslip, Marienfeld, Germa-
ny), in pure buffer. Before use, the glass surface was brought,
without cleaning, in contact with pure buffer during several
hours for equilibration. Preliminary experiments performed by
using coverslips cleaned with Helmanex (1%) or SDS (1%),
followed by a careful rinsing with ultrapure water and conse-
quent dipping in buffer (PBS), gave similar results to those of
direct immersion in buffer (PBS). The contact between the tip
and the surface was indicated by a positive deflection of the
cantilever (from point B to point E in Fig. 2). Once point C in
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Fig. 2. Schematic representation of the displacement of the silica surface
mounted on the piezoelectric device as a function of time. The intervals AC,
CD, and DF represent the approach, constant load, and retraction times,
respectively. In fact, the true interaction time corresponds to the positive
deflection of the cantilever starting at B and ending at E.

the “approach/retraction” cycle was reached, the position of the
surface was held fixed for a time #(D) — #(C) before the surface
was retracted. This time does not correspond to the true
interaction time, which is actually defined by #(E) — #(B). In our
experiments, we adjusted #(D) — #(C) for the different retraction
rates to fix the time #(E) — #(B) at 10 s. This correction on #(D) —
t(C) is required only for low retraction rates, where #(E) — #(D)
can represent a significant part of the whole interaction time.
Several retraction rates were investigated for each cantilever.
Typical experimental force curves for different retraction rates
are represented in Fig. 3. For each retraction rate, several
consecutive “approach/retraction” cycles were performed.

It can be pointed out that experiments were performed in
which the proteins were adsorbed on the silica surface, the tip
remaining bare. After a few approach/retraction cycles, the
rupture forces totally disappeared, and no further forces could
be measured even if we moved the tip to fresh spots. This
indicates that the protein has a higher affinity for the tip than for
the surface. In fact, when the proteins were adsorbed on both the
surface and the tip, no rupture forces were detected. This further
confirms our interpretation.

Several difficulties, peculiar to adsorption experiments, were
encountered in these measurements. Because proteins are able
to adsorb in many different ways on a tip, the interaction with the
surface can be different from one adsorbed protein to another.
To compare the adhesion forces of these proteins with the silica
surface for different retraction rates, it was thus important to
compare results that were obtained on the same tip. At least
three retraction rates were investigated for each tip. We found
that for all investigated retraction rates and for a given cantilever,
the measured rupture forces between the fibrinogen coated tip
and the silica surface were reproducible over a time up to 20 min.
For longer times, the system could show aging signs (either from
the cantilever or from the proteins). Therefore our experiments,
including different retraction rates with the same cantilever,
never exceeded 20 min. This restricted unavoidably the number
of “approach/retraction” cycles that could be performed for
each retraction rate. The number of cycles was typical of the
order of 10 for low values of ry and 30 for high values of ry.
Although these numbers seem small, the systematic behavior of
the evolution of the measured rupture forces with the retraction
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Fig. 3. Typical examples of force, f, vs. distance from the tip to the silica

surface recorded at various loading rates, rr.

rates over several experiments performed with different canti-
levers on different days allows us to draw firm conclusions.
Moreover, the sequence of the applied retraction rates was
always changed for the different cantilevers to avoid possible
experimental artifacts.

Results and Discussion

As for the experiments performed in ref. 2, the interrupture
distances recorded here were generally much larger than the
characteristic size of the fibrinogen molecule (Fig. 3), and the
results of ref. 2 suggested that the fibrinogen molecules adsorbed
on the tip form a kind of “polymer chain.” Therefore, the present
results will be interpreted within this framework.

We determined the different rupture forces appearing during
one retraction over several “approach/retraction” cycles. In
each cycle, several ruptures could be detected, each occurring for
a given tip-to-surface distance. These forces must correspond to
the detachment of the successive domains of the proteins from

Gergely et al.
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Fig. 4. Dependence of the measured mean force (f) on the loading rate ry.
The forces occurring for distances ranging from 0 to 100 nm (resp. 100 to 200
nm) are represented by circles (resp. by squares).

107

the surface and were therefore grouped according to their
corresponding tip-to-surface distance. A compromise between a
detailed analysis (narrow distance classes) and a reasonable
statistical stability (wide distance classes) led us to determine the
mean rupture forces, (f) for a given retraction rate and a given
cantilever, for all of the forces appearing between 0 and 100 nm
(hereafter called class a), respectively, between 100 and 200 nm
(class b). To check the pertinence of this subdivision, specific
examples were treated by using four classes, each of 50 nm wide.
The mean forces did not change significantly.

Furthermore, it can be noticed that the squeezing of the
proteins during the tip—surface interaction should thus be much
reduced, especially as to the forces corresponding to class b. All
of the experimental data relative to the different cantilevers and
the different loading rates are represented in Fig. 4. Because we
are dealing with nonspecific adsorption, the interaction energy
between the molecules and the surface can vary from one cycle
to the next, and a fortiori from one experiment to another.
Despite this partly random character of the interaction, the mean
rupture force shows definitely an increase with the loading rate
rr as predicted by Evans and Ritchie (15).

To check the validity of Expression 1 for our system, one
should in principle fit the evolution of (f) with rs for each
cantilever to find the corresponding parameters f, and w.
However, because of the necessarily limited number of loading
rates that can be, because of the experimental system, investi-
gated for a given cantilever, this would lead to large fluctuations.
Nevertheless, one can expect the off rate v, relative to a
fibrinogen molecule in the absence of loading force to be fairly
independent of the configuration in which the protein adsorbs.
It should reflect the interactions between amino acid groups and
the silica surface and also the internal dynamics of the protein.
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On the other hand, depending on the adsorption configuration,
one expects the characteristic interaction force fj to vary from
one cantilever to the other. For each class of forces (a or b), a
value of vy was therefore chosen. For this frequency, the
parameter fy was optimized separately for each group of exper-
imental rupture forces corresponding to a given cantilever, j,
with experiments performed at different loading rates r¢” (the
index i corresponds to the retraction rate), by minimizing the
goodness-of-fit index sz, defined by

v <f>z; vo(fi )_;'
Qﬁw):E)Pn(%w—)—m({j%)

} i f
. 2
nEl(w%E»>] (7]
Ty

From the individual sz, one obtains the total index Q% = E/sz
This operation is repeated for many values of v, to select that
leading to the smallest Q2. For each cantilever and each class of
forces, a couple (v, fy) is obtained (v is the same for all of the
cantilevers). The experimental data (r;, ( f )) are then trans-
formed into (r¢/vofo, vo(f)/rs) and compared (Fig. 5) with the
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Fig.5. Dimensionless mean force 1y (f)/rras a function of the dimensionless
loading rate r¢/(vo fo). The continuous line corresponds to Eq. 6. The symbols
represent the various experiments carried out in this study. Upper (resp.
Lower) corresponds to the distances from tip to surface between 0 and 100 nm
(resp. 100 to 200 nm), and the optimal frequency vp = 0.20 s~ ' with Q2 = 2.39
(resp. 0.44 s~' with Q2 = 3.18). The adjusted values of f are given in Table 1.
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Table 1. Results of fitting the experimental mean forces to the theoretical prediction of Eq. 6

Distances 0-100 nm (class a)

Distances 100-200 nm (class b)

vo = 0.20s" v = 0.44 57"

Exp. fo pN fo/180 Exp. fo pN fo/200
1a 714 3.97 1b 802 4.01
2a 490 2.72 2b 461 2.31
3a 345 1.92 3b 387 1.94
4a 467 2.59 4b 383 1.92
5a 514 2.86 5b 547 2.74
6a 175 0.97 6b 202 1.01
7a 167 0.93 7b 173 0.87
8a 926 5.13

9a 1455 8.08

For each of the two distance classes (a and b), the best agreement (identified by the lowest value of Q?) was
searched by using a unique value of the frequency 1y and optimizing the value of the force f; for each of the

experiments available (1a to 9a and 1b to 7b).

predictions of Eq. 6, which is a direct consequence of Expression
1 for the off rate.

From the good agreement between the model predictions and
the experimental data, one concludes that the simple Expression
1 for the off rate, postulated by Bell, captures at least the main
features of the unbinding process of fibrinogen initially adsorbed
on a silica surface. The values of vy and f relative to the different
experiments are given in Table 1. To get an idea of the sensitivity
of the value of v to our experimental data, we represent in Fig.
6 the evolution of O? with v, for the two classes of forces. In
addition, in Fig. 7 we compare the class a data points to the
universal curve (Eq. 6) relative to the Bell model for two values
of vy corresponding to Q2 ~ 5 (the minimum value of O is 2.39
for this class). From this figure, it comes out that vy must lie in
the range 0.02 to 0.6 s~!, which lies in the range 1072 to 10 s™!
found for the dissociation rate in the case of various specific
interactions of the type ligand/receptor (9, 16).

The other parameter appearing in the Bell model is fy. Table
1 shows its variability from one cantilever to another, as is

— distances :
0-100 nm
100 - 200 nm

el 1

oON W M O O N © © O
|

(&
a
©
N
-

Fig.6. Goodness-of-fitindex (2 as a function of the characteristic frequency
vo, where Eq. 6 is used to reproduce the data from Fig. 3.

10806 | www.pnas.org

expected. A closer look at this table suggests that the values of
fo are, in first approximation, integer multiples of a quantized
force f, approximately equal to 180 pN (resp. 200 pN) for the
rupture forces of class a (resp. class b). This value is comparable
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Fig. 7. lllustration of the effect of a change in v on the agreement of the

experimental data with the theoretical predictions of Eq. 6. (Upper) vo = 0.02
s~ 1,i.e., 10timessmaller than the optimal value used in Fig. 5. (Lower) vo = 0.64
s~ 1. Both cases correspond to the distance domain 0-100 nm and to Q2 ~ 5,
whereas the minimum of Q2 was found to be 2.39.
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to forces measured for specific interactions such as for biotin/
avidin (3, 16). From our experimental results, we cannot dis-
criminate between two possible detachment processes of the
cantilever from the surface: (/) more than one fibrinogen “poly-
mer” is fixed on the cantilever (one to eight in our experiments;
see Table 1) and adsorb on the silica surface, or (if) only one
chain is fixed and each fibrinogen molecule can interact with the
surface through different domains (one to eight), the interaction
force of each domain being of the order of 180 — 200 pN. In ref.
2, we discarded the possibility of the first process because it
would imply a systematic decrease of the rupture forces with
their appearance order during one retraction. Even if such a
decrease was observed on the average, it was far from being
systematic. This is also the case in these experiments.

Finally, the order of magnitude found for v, i.e., 107! s71
corresponds to a mean time of desorption of a fibrinogen
molecule of the order of 10 s. This seems, however, in contra-
diction with the irreversible nature of the adsorption of fibrin-
ogen on silica surfaces over time scales of days. This apparent
contradiction can be lift as follows. A fibrinogen molecule
interacts with a silica surface through various domains, and each
domain is expected to interact with the surface by several amino
acid groups. By assuming that the interaction length of an amino
acid group and the surface is of the order of 1 nm and that its
interaction energy is of the order of 15.5 kJ-mol~! (20), one gets
n = 7 interacting amino acid groups in each domain. The protein
can unbind from the surface only if all these groups unbind
simultaneously. In the absence of applied force these different
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amino acids interact with the surface “reversibly” and the
probability that all of them unbind simultaneously becomes
extremely small. On the other hand, if a significant force is
applied to the protein, it is expected that, because of the elasticity
of the protein, once an amino acid unbinds, the on rate to
reestablish the connection with the surface becomes small. The
unbinding of the protein is then constituted of a sequence of
individual “irreversible unbinding” processes of the different
amino acids interacting with the surface. It is thus expected that
the value of v) measured in our AFM experiments under applied
force reflects more closely the zero force off rate of the
individual amino acid groups than the zero force off rate of a
whole domain of the protein, which would be much smaller. On
the other hand, the value of f, should reflect the binding force
of a whole domain, the force of an individual amino acid being
of the order of f;/N. If the loading rate rwould be much smaller
than the present experimental values, one would expect to enter
in another unbinding regime. This latter would correspond to a
sequence of individual “reversible” processes, and a smaller
value of vy would be expected. Up to now, this lies, however, out
of the range of accessible to AFM spectroscopy.
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