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The formation of clots in our vascular system under
high-shear flow conditions is strongly dependent on the
correct functioning of a protein, the so-called von Wille-
brand Factor (VWF). This protein self-assembles into mul-
timers (biopolymers) which, when stretched, can reach sizes
as long as 100 um. The repeat unit of this fibres is a dimer
comprising two VWF proteins held together by a disul-
phide bond, each composed of 2050 amino acids [1] The
shape of the repeat unit in the bulk has been recently found
to be ellipsoidal with a major axis of ~70 nm and a minor
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axis of ~10 nm [2]. Although much is known about its
structure, the functional behaviour of VWF in the blood
stream is rather counter-intuitive: it becomes active at
high-shear rates, and thus, common mechanisms of adhe-
sion fail to explain its increased adhesion potency. Follow-
ing current ideas that VWF multimers are presumably in a
compact (globular) form due to self-association, hydrogen
bonding and hydrophobic interactions, we have recently
shown both experimentally [3] and theoretically [4] that
high-shear stresses can trigger a globule-stretch transition
in VWF fibres. This transition in turn leads to an enhanced
adhesion potential of the molecules since more binding
sites become exposed. Furthermore, when VWF is immobi-
lized on a surface and exposed to an elevated shear flow,
self-association of multiple VWF fibres into ULVWF net-
works can take place [5,6] This association eventually
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causes the formation of large protein networks, being hae-
mostatically extremely active and are believed to finally
lead to the seal of vessel wall lesions.

Recently, we started to investigate the shear stress trig-
gered formation of ULVWF networks and found that
solely mechanical forces are able to trigger the formation
of haemostatically active networks. In the same study, we
were able to demonstrate that acidic pH (6.6) drastically
decreases the critical shear y5LYWF for ULVWF-network
formation. However, even though the connection between
physiological function and mechanical stress has been real-
ized for some time, very little is known on the actual
response of ULVWF bundles to mechanical stress
(relaxation).

In order to provide a first insight into the relaxation of
ULVWF bundles we combined a planar microfluidic reac-
tor, mimicking the hydrodynamic conditions in the micro-
circulatory system of our body [10] with an atomic force
microscope (AFM) for stretching and length determination
experiments. The completely planar reactor layout and
fluid actuation technology gives us the technological free-
dom to create a continuous flow in any desired geometry.
No drain and hence no supply is necessary, allowing to
monitor the identical protein solution without any loss of
material for long periods of time (~1 h). Using this hybrid
setup we were able to study the formation of ULVWF net-
works due to hydrodynamic stress and investigate the
relaxation of bundles of different lengths pulled from
VWEF networks by an AFM cantilever tip.

Theoretical analysis of our experiments indicates that
the relaxation of these long bundles proceeds through a
multitude of energy minima, similar to the case of protein
folding [8.,9]. In particular, the relaxation process can be
well described by an extended exponential response with
two characteristic time scales. The longest relaxation time
is dominated by internal reconfiguration events and does
not show a clear dependence on the length of the originally
stretched bundle. The fastest relaxation time, on the other
hand, does in fact depend on the length and on the viscos-
ity of the solvent. Our findings clearly exhibit the relaxation
of these bundles to be completely different from the one of
single polymers with attractive interactions, displaying
exponential or supra-exponential relaxation kinetics [10].
Our results thus demonstrate that the relaxation of VWF
bundles can be viewed as a mixture between (entropically
driven) polymer relaxation and simple folding or complex-
ation of two or more fibres. Moreover, VWF bundles pro-
vide a simple yet complex system where theories on
polymer dynamics and protein folding might be tested.

Materials and methods

SAW—microfluidic and surface chemistry. In Fig. 1, we sketch our
newly developed hybrid system, consisting of a SAW driven microfluidic
reactor combined with an AFM for minute protein manipulation. The
flow pattern and therefore the shear forces in the reactor is controlled by
SAW technology, which has been developed and used in the past [11-13].
In brief, a SAW of roughly 1 nm in amplitude (nanopump) is excited on a

Fig. 1. The microfluidic set up. The unique combination of a microscope,
an AFM tip and a SAW driven pumping system enables both studying the
formation of macromolecular VWF networks and conglomerates in life
time and the mechanical manipulation of VWF aggregates and bundle
pulling in particular.

LiNbOj; substrate. The interaction of the SAW with the liquid on the chip
surface causes a considerable amount of energy to be diffracted which
induces an internal streaming referred to as acoustic streaming. By means
of optical lithography a broad variety of different hydrophobic/hydro-
philic channel structures and with it also a broad variety of different flow
patterns can be processed onto the reactor substrate.

AFM with SAW. This SAW-chip is combined with an AFM setup
(JPK, Berlin, Germany). In the work presented here, the AFM is solely
used as an anchor to manoeuvre the bundle and not for quantifying
rupture forces. Therefore, in the course of an experiment the AFM can-
tilever tip is approached to a protein network which was created by shear
flow induced VWF conglomeration beforehand. The attached VWF
bundles are gently pulled by the AFM tip until they finally rupture. The
planar, optical transparent setup is completed by an inverted microscope
for recording the microfluidic channel, the AFM tip and the bundle
relaxation simultaneously. Acquired data of the time course of the
relaxation process were analysed using standard imaging software.

Results
Ultra large VWF assemblies

Recently, we were able to demonstrate the controlled
formation of ULVWF networks using a microfluidic reac-
tor. Following these studies, a VWF-buffer solution (con-
centration ~ 0.2 mg/ml) was placed onto the acoustic
path of our microfluidic device and exposed to shear stress
for a few minutes. Under high-shear flow conditions the
formation of tight VWF networks and conglomerates from
single VWF polymers could be observed. From these net-
works ULVWF bundles will be picked to study their relax-
ation spectrum.

Relaxation of ULVWF

One of the key features of the dynamics of (bio-)polymer
systems is its relaxation spectrum, since it contains the rel-
evant time scales for the polymer to reach its equilibrium
configuration from an imposed non-equilibrium state
[14] By using the appropriate model, one can in principle
extract the relaxation time 7, and relate it to the internal
chain dynamics being controlled through the monomer—
monomer interactions. Therefore, the investigating of the



relaxation dynamics as a function of the different variables
represents an important step towards a deeper understand-
ing of the mechanical properties of ULVWEF bundles.
Moreover it provides the basis to test theoretical models
describing the relaxation of these assemblies. Here, our
setup has the advantage that it provides simultaneous
mechanical manipulation and optical detection. In
Fig. 2A, we present an ULVWF being immobilized onto
the tip of our AFM and exposed to mechanical stress.
The protein binding to the AFM tip is achieved due to a
thin collagen coating of the cantilever. To have a strong
grip on the bundle, the tip was allowed to equilibrate for
several minutes just in contact with the protein assembly.
A thick multi-fibre bundle was then formed by gently
retracting the AFM tip, whereby only bundles, which
appeared similar in thickness, were analysed. The relaxa-
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tion of the bundle, governed by strong attractive interac-
tions and the entropic penalties associated with the
stretched conformation was followed after it ruptured from
the ULWVF assembly (Fig. 2B). From the sequence shown
in the figure, it is important to note that the filament
remains fairly straight during the contraction process.
The stretching and retraction proceed by an inhomoge-
neous coarsening of the bundle in the apparent form of
pearls.

On a more quantitative basis, we monitored the dynam-
ics of the system by measuring the end-to-end length of the
bundle as a function of time. The maximum length L, was
determined by the distance between the AFM tip and the
point where rupture occurred. A typical trace of the end-
to-end distance (i.e. the distance from the AFM tip to the
free end of the ULVWF) as a function of time is presented

Fig. 2. (A) ULVWF immobilized on AFM tip. (B) Relaxation after rupture (each image of the sequence is approximately 840 um in height and 120 um in

width).
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Fig. 3. (A) End-to-end distance as a function of time. The data correspond to that of Fig. 4B. (Inset) The same data plotted in a log-linear scale, and the x
axis is taken to be /z. The continuous line is a fit to the data using: L;exp(—t/1,)"° + Loexp(—t/t)*>, where L, = 676 um, L,, = 194 ym, t; = 156 ms,
T, = 67465 ms. In principle one would need to consider also the final length in the previous expression, but one can estimate that this number is rather
small (<20 pm), and thus it will not affect the parameters nor the behaviour detailed here. (B) Longest relaxation time t = 1/k as a function of the initial
length of the bundle L, for all of the runs performed. The viscosity in all these experiments was held fixed at 1 cP. The dashed line has a slope = 1.5, and
corresponds to the slope one would obtain for the longest relaxation time of single polymers, i.e. it corresponds to Zimm scaling.

in Fig. 3A. We note that the relaxation has two character-
istic time scales (see inset), and both of these periods are
well described by stretched exponentials of the form:
L x e with B~ 0.5. This is corroborated by observing
the nice fit to the data over the full range using a sum of
two extended exponentials denoted by the continuous
curve (for details of the fitting parameters see caption).
The fact that the relaxation process follows a stretched
exponential implies that the underlying dynamics is gov-
erned by hopping events between random minima in a
rough energy landscape. Equivalently, the relaxation spec-
trum is composed of a broad (random) distribution of
exponential processes [15]. Such relaxation behaviour is
very common in nature, and has been found in different
contexts. In particular, it has been observed in the electric
birefringence relaxation of ensembles of synthetic polyelec-
trolytes [16], in the relaxation of DNA [17], and in proteins
[18], to name a few. In these studies, the origin of the relax-
ation spectrum arises from the averaging over a multitude
of parallel non-interacting (presumably exponential) relax-
ation processes. Theoretically, stretched exponential and
power-law behaviour have been extensively studied in the
area of critical dynamics and glasses [19]. In the context
of single polymer relaxation, Cherayil have shown [20] that
after inclusion of memory effects to the dynamics of the
system, the relaxation is a stretched exponential with a
exponent of § ~ 0.5. These memory effects included in this
work accounted for the fact that a given conformation at
earlier times affects the distribution of conformations at a
later time along the relaxation process.

The system we are considering here presents new fea-
tures compared to those described previously: (i) it has
two clear relaxation time scales and (ii) the relaxation of
the individual molecules is coupled to the one of all others
in a non-trivial fashion. In this sense, we can say that VWF

bundle relaxation is a more complex problem than those
studied before. One of the striking features of our findings
is that the longest relaxation rate k, corresponding to the
inverse of the longest relaxation time 7, seems not to be
dependent of the initial length of the bundle, as can be seen
in Fig. 3B. This implies that the dynamics of relaxation is
dominated by conformational constraints, as well as effec-
tive internal friction limiting the rate of deformation of the
object itself. For reference, we included the Zimm scaling
of the longest relaxation time of the end-to-end distance
for a single polymer (dashed curve) [21].

To further unravel the physical origin of the observed
phenomenon we studied the effect of viscosity of the sol-
vent on the long and short timescales of the bundle relaxa-
tion by adding a thickening agent, such as glycerol. In
Fig. 4 we show two different traces of the end-to-end dis-
tance at different viscosities: 1 cP and 40 cP. As can be seen,
the initial temporal decay is slowed down such that the full
relaxation can be well described by a single stretched expo-
nential. Interestingly, the slowest relaxation rate is now fas-
ter than the one for pure buffer solution (with lower
viscosity). Further discussion on the origin of the double-
time relaxation spectrum, and on the apparent enhance-
ment of the long-time relaxation rate is given below.

Discussion

VWF multimerization and self-association via the Al
domain, but not at its A3 domain [22] has been discussed
previously. However, so far the molecular origin (binding
sites and interaction forces) for the association process
remains unclear. Recently we presented a model explaining
the hydrodynamic stretching of single VWF fibres under
flow. Based on our results, we found a critical shear rate
Jerit ~ 5000 s~' under normal puffer conditions (pH 7.4).



Fig. 4. End-to-end distance as a function of /¢ plotted in a log-linear
scale for different viscosities. The upper (black) curve corresponds to a
viscosity of 1 cP, and the lower (blue) curve corresponds to a viscosity of
40 cP. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Our theoretical findings enabled us to prove that the origin
of VWFs stretching behaviour can be traced back to attrac-
tive interactions among VWF monomers that maintain the
multimer in a compact globular conformation when the
shear rate is below its critical value. Moreover, we were
also able to predict that the size of the repeating unit must
be unusually large (~80 nm) for it to be haemostatically
active at physiological shear rates. This is also confirmed
by the findings of Singh et al. [2]. Our model is further able
to explain the effect of hydrodynamic stress and pH
changes on the formation of ULVWF.

Relaxation of ULVWF bundles

To gain a deeper insight into the mechanical properties
and the relaxation behaviour of the ULVWF bundles, we
employed our microfluidic/ AFM hybrid setup. As shown
in Fig. 3, the relaxation of the bundles does not follow a
simply exponential law, but rather is well described by
stretched exponentials with an exponent f = 0.5 through-
out all our relaxation experiments. In the case where the
viscosity of the solvent is low (essentially that of water),
we find two characteristic decay rates. In a high viscous
environment, surprisingly, only a single relaxation time is
observed. However, the relaxation spectrum found here is
still different from the one of a single collapsing polymer.
There, the relaxation of the end-to-end distance is supra-
exponential, or in other words, the rate of compactification
grows as the polymer relaxes [23]. If at all, we only find evi-
dence of such a relaxation type during the first few 100 ms
after rupture. This observation is not too surprising, as the
ULVWEF consists of many single fibres of different lengths
relaxing at the same time in a complex fashion. Comparing
it to the dynamics of a single polymer seems to be at least
to be doubted. The complexity of our system arises because
the relaxation of one fibre affects the relaxation of the other

511

fibres, and vice versa. For a better feeling of why the
observed relaxation is a stretched exponential, it is proba-
bly better to describe the bundle as a single entity relaxing
in a rough potential landscape determined by the configu-
rations of the VWF single fibre constituents. The manifold
of configurations is presumably strongly dependent on the
number of self-association contacts, and hopping from one
state to the other can only be done through thermally acti-
vated processes. The average barrier height will be reduced
in the highly stretched state because of entropic forces, and
thus the rate of relaxation should be faster at the begin-
ning. Nonetheless, this argument would imply that one
would see a continuous change in the relaxation of the bun-
dle, and not two clear relaxation times as it is found here.
An alternative explanation is that there are two attractive
interactions of different origins, which in this case would
presumably correspond to self-association and hydropho-
bic attraction among monomers, driving the relaxation in
each of these two regimes. To this date it is still unclear
which of these interactions is the dominant one in the col-
lapse of VWF, but we might argue that at long times, the
hydrophobic interactions must become important since in
principle the majority of the possible self-association con-
tacts within the bundle should be present and only unfa-
vourable surface interactions with the solvent and
entropy can drive the further decrease in size. Nevertheless,
hydrogen bonding might also play a crucial role and a
complete description should include the three different
interactions. The entropic contribution, on the other hand,
is presumably negligible at the latter stages, since the thick-
ness of the bundle (as measured with optical microscopy) is
about ~10 um, a value that exceeds that of an individual
molecule of a VWF (~5 um, assuming that a single fibre
is 100 um long and obeys random walk statistics). Never-
theless, one should be careful since entropy might still play
a role if the polymers remain stretched within the bundle
due to strong constraints on its mobility, a fact that can
be indirectly assumed by seeing the snapshots of the relax-
ation where the filament remained rather straight (Fig. 2B).

From another perspective, we note that the fast relaxa-
tion at short times can lead to jamming, or highly con-
strained dynamics (corresponding to deep metastable
minima) because it does not have enough time to sample
the local energy landscape. If one decelerates the initial
relaxation by using a highly viscous solvent, the system will
be closer to equilibrium as it relaxes and will not longer get
trapped in deep minima. In fact, one might be lead to think
that the longest relaxation time should be shorter for this
system. This is beautifully illustrated in Fig. 4 where the
rate of compactification at long times is larger for the bun-
dle in the higher viscosity medium, while the initial relaxa-
tion is strongly slowed down.

In conclusion we have presented the first study on the
relaxation of VWF bundles using a newly designed micro-
fluidic/ AFM hybrid, and found that their behaviour is well
characterized by a stretched exponential relaxation. More-
over, we have found that at low viscosities the system has
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two characteristic relaxation times, while for larger viscos-
ities internal friction effects dominate the relaxation, and
only a single time scale is necessary. Interestingly, the long
time relaxation is faster for the system at higher viscosities,
implying that reorganization within the bundle at the initial
stages of relaxation leads to faster relaxation at long times.
Further experiments with partially labelled fibres, as well as
self-association blocking drugs should provide more details
about the role of entropy, and that of specific interactions
in the relaxation behaviour and will give more insight in the
activation-independent platelet aggregation as observed by
Ruggeri et al. [24].
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