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Mechanical forces are important signals for cell response and
development, but detailed molecular mechanisms of force sensing
are largely unexplored. The cytoskeletal protein filamin is a key
connecting element between the cytoskeleton and transmem-
brane complexes such as integrins or the von Willebrand receptor
glycoprotein Ib. Here, we show using single-molecule mechanical
measurements that the recently reported Ig domain pair 20–21 of
human filamin A acts as an autoinhibited force-activatable mecha-
nosensor. We developed a mechanical single-molecule competi-
tion assay that allows online observation of binding events of
target peptides in solution to the strained domain pair. We find
that filamin force sensing is a highly dynamic process occurring in
rapid equilibrium that increases the affinity to the target pep-
tides by up to a factor of 17 between 2 and 5 pN. The equilibrium
mechanism we find here can offer a general scheme for cellular
force sensing.

optical tweezers | mechanosensing

Sensing of signals is key for every cell to adapt and react to
changing environmental conditions. Such signals can be

chemical, optical, or even electrical in the case of nerve cells. In
recent years, mechanical forces have been identified as impor-
tant signals for cell development and cytokinesis. Mechanical
signals have crucial implications for processes such as stem cell
differentiation (1) or the remodeling of cardiac muscle tissue (2).
Even though the sensing of mechanical forces has been postu-
lated in various contexts, molecular mechanisms of force sensing
have remained to a large degree elusive.
The cytoskeletal protein filamin is a dimeric actin cross-linker

that acts as a signaling hub for various proteins (3). Two prom-
inent examples for interaction partners are integrins (4–6) or
glycoprotein Ib (GPIb), a constituent of a transmembrane com-
plex found in platelets that binds to von Willebrand factor during
blood clotting (7–9). Both the filamin–integrin and the filamin–
GPIb interactions have been shown to be exposed to mechanical
forces in living cells (10, 11). The filamin monomer consists of an
N-terminal actin-binding domain and a sequence of 24 Ig domain
repeats that form the filamin rod (Fig. 1A).Within the rod 2 region
(Ig domains 16–23; Fig. 1A), filamin can interact with transmem-
brane protein complexes, thus establishing a mechanical connec-
tion between the cytoskeleton and the extracellular side. The major
interaction sites within rod 2 are the odd-numbered domains,
specifically domains 17, 19, and 21. The transmembrane inter-
action partners bind to these domains through a terminal peptide
sequence that forms an additional β-strand extending the β-sheet
structure of the domain (12, 13) (Fig. 1B).
In contrast to the linear arrangement of domains found in

many structural proteins like titin, fibronectin, or rod 1 of fila-
min, the Ig domains 18–21 of filamin’s rod 2 are arranged in pairs
(14, 15). In those pairs, the A-strand of the even-numbered
domains is not integrated into the domain structure but binds to
the subsequent odd-numbered domain, thus inhibiting the in-
teraction of this domain with its peptide ligand (Fig. 1A and Fig.
S1). It has been proposed that this special arrangement into
domain pairs effects a force-sensing mechanism in filamin (Fig.

1B) (14, 16). Recent in vitro studies of mechanically strained
filamin–cross-linked actin networks have provided further sup-
port for a potential force-sensing role of filamin (17).
In the present study, we have designed and performed single-

molecule mechanical measurements that provide direct evidence for
a force-sensing mechanism of human filamin A. We show quanti-
tatively, at the single-molecule level, how force increases the binding
of interaction partners by shifting the conformational equilibrium
of the autoinhibited filamin domain pair 20–21 (FLNa20-21).

Results
Filamin Domain 21 Interaction with Different Tethered Target Peptides.
In a first set of experiments, we investigated the uninhibited me-
chanical binding strength of domain 21 to different interaction
partners: the C-terminal peptide of GPIb’s α-chain (GPIbα), the
integrin β7 cytoplasmic tail peptide (ITβ7), as well as the filamin-
interacting peptide of the integrin regulator migfilin (Mig) (18, 19).
To this end, we fused the respective interacting peptides directly to
the N terminus of an isolated domain 21 of filamin (FLNa21) with
a 6-aa residues spacer allowing the necessary flexibility (SIMaterials
and Methods). Force application to the molecular constructs was
achieved by tethering the protein termini to 180-nm-long double-
stranded DNAmolecules through disulfide bonds. The ends of the
DNAwere functionalized with biotin and digoxigenin, respectively.
This allowed attachment to 1-μm-diameter silica beads that were
manipulated in a dual beam optical trap (Fig. 1C; for details, see SI
Materials and Methods) (20–22).
Upon stretching the DNA–protein construct, the force rises

steeply beyond extensions of 320 nm, when the DNA is almost
fully elongated (Fig. 2A). At forces between 7 and 12 pN, rapid
near-equilibrium fluctuations of binding and unbinding of the
GPIbα peptide can be observed. The contour length gain during
this transition (ΔL = 12.5 ± 0.5 nm) is in excellent agreement
with the expected length gain if the 26 aa residues of the bound
peptide detach and are fully stretched (Table S1). To obtain
a precise analysis of the force-dependent binding/unbinding ki-
netics of the peptide, we performed measurements where the
trap centers were held at a constant separation, hence imposing
a constant average force bias on the fluctuating molecule. Be-
cause only the separation of the trapping potentials is held
constant, the force varies between the closed and open confor-
mation. We define force bias as the mean of the force acting on
the closed/bound and open/unbound state. This allowed us to
observe fluctuations between bound (high force) and unbound
(low force) states for several minutes at different biasing forces
(Fig. 2B). At low forces, the molecule dwells predominantly in
the bound state with few rapid excursions into the unbound state
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(Fig. 2B, bottom trace). With increasing force, the equilibrium
(Fig. 2B, black population distributions) shifts to the unbound
state together with altered kinetics (Fig. 2B, top two traces). The
force-dependent population shift provides a direct measure for the
free energy of binding in the absence of load of 10.6 kBT (Fig. S2
and SI Materials and Methods). A dwell time analysis using a hid-
den Markov model (HMM) (22, 23) yields the force-dependent
kinetics of GPIbα binding/unbinding (Fig. 2C). Unbinding rates
(circles) increase with force, whereas binding rates (triangles) drop
with force. For extrapolation of the binding/unbinding branches to
zero force, we used a model that considers the compliance of the
unfolded peptide leading to a curvature in the branches (21). The
slopes of the binding/unbinding branches reflect the distance of
the transition state from the unbound and bound state, re-
spectively. The sum of those distances (12.3 nm, measured in
contour length) as obtained from the fits, is very close to the total
contour length of the peptide (12.5 nm), which supports the val-
idity of the analysis. The fast binding rate at zero load of 34,000 s−1

reflects the effectively high concentration of the ligand due to
tethering. For the unbinding rate, we find 1.9 s−1 (Table S2).
In comparison with GPIbα, the ITβ7 ligand exhibits a signifi-

cantly lower unbinding force (Fig. 2D) as well as free energy of
binding (5.8 kBT; Fig. S2). The major difference in kinetics (Fig.
2 E and F) results from a much faster unbinding rate of 120 s−1 at
zero load, whereas the binding rates are similar to the ones of
GPIbα (Table S2). Since the unbinding lengths of the tethered
ligands and hence the effective concentrations for both peptides
are identical, the similar binding rates indicate that rebinding
speed is not influenced by details of the sequence. This is further
supported by our data of migfilin (Fig. 2 G–I) that exhibits very
similar binding rates. The unbinding rates and the binding free
energy of migfilin (6.5 kBT) are in between those of GPIbα and
ITβ7 (Fig. S2). GPIbα exhibits by far the strongest binding to
filamin of all peptides investigated. This finding is particularly
important because platelet integrity critically depends on the

mechanical strength of this bond once attached to von Wille-
brand factor during blood clotting (11). It has been shown that
GPIbα binds von Willebrand factor on the extracellular side with
forces similar to those we find for intracellular filamin binding
(24). This could provide a stable mechanism to transmit force
from the extracellular space to the actin cytoskeleton. The higher
free energies of binding and interaction forces of migfilin relative
to ITβ7 are consistent with migfilin’s role in competing off the
cytoplasmic tail of β-integrins from filamin during talin-mediated
integrin activation (18, 19).

Single-Molecule Mechanical Competition Assay: FLNa21 Interaction
with Ligands in Solution. In their physiological context, the mem-
brane protein tails are not tethered to the filamin domains. Even
though our assay gives valuable information about the unbinding
kinetics under load, measuring the free binding and unbinding
rates of the ligands requires a different experimental approach.
Fluorescent single-molecule methods cannot be used at the high
concentrations necessary for observing binding (up to 100 μM)
due to the associated high background. We therefore developed
a mechanical single-molecule assay that allows direct observation
of binding/unbinding events of freely diffusing ligands at those
concentrations. To this end, we observed the opening and closing
fluctuations of a tethered GPIbα-FLNa21 construct in the pres-
ence of freely diffusing GPIbα peptide in solution (Fig. 3A).
Under load, the tethered ligand will constantly fluctuate be-
tween bound and unbound states as shown above (Fig. 3A, left
cartoon). If the construct is in an open conformation, there will
be a competition between the tethered ligand rebinding and
a free ligand binding from solution. In the latter case (Fig. 3A,
right cartoon), rebinding of the tethered ligand will be sup-
pressed and the opening/closing fluctuations should vanish until
the bound ligand spontaneously dissociates. A sample trace is
shown in Fig. 3A where fluctuating states (high SD) can be clearly
distinguished from mechanically quenched states (low SD). A
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Fig. 1. Interaction of filamin with transmembrane proteins. (A) Schematics of the domain arrangement of filamin and its interaction with the trans-
membrane proteins integrin and GPIbα. Filamin consists of 24 Ig domains that dimerize at domain 24 and carry an N-terminal actin-binding domain. In its rod
2 region (Ig domains 16–24), domains 16–21 (FLNa16-21) arrange in pairs that contain binding sites for integrins (dark green) and GPIbα (purple). The domain
pair FLNa20-21 is highlighted in orange and green. (B) Schematics of the autoinhibition mechanism of the domain pair FLNa20-21. The A-strand of FLNa20
binds to FLNa21, thus autoinhibiting its interaction with the transmembrane proteins (upper cartoon). It has been hypothesized that mechanical stress
releases the autoinhibition and promotes interaction with the targets (lower cartoon). (C) Schematics of the single-molecule assay using a double-beam
optical trap (see text and SI Materials and Methods).
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zoom into this trace (Fig. 3B) shows that in the fluctuating state
(Left), the construct undergoes rapid opening and closing
transitions, whereas in the quenched state (Right), the construct
dwells in the open conformation (see Fig. S3 for sample traces
at different forces). The dwell times in the fluctuating state
(τunbound) as well as in the quenched state (τbound) now provide
direct information about the binding kinetics of the ligand from
solution. Although 1/τbound directly yields the off-rate, 1/τunbound
depends on both the solution concentration of the ligand and the
applied force as follows:

1
τunbound

¼ kon · ½GPIbα� ·PopenðFÞ;

where kon is the pseudo first-order on-rate, ½GPIbα� is the concen-
tration of ligand, and PopenðFÞ is the forcedependent probability

for the tethered ligand to be in the open conformation (Fig. S2).
We measured τbound and τunbound as a function of force and at
two different ligand concentrations (Fig. 3C). As expected,
τunbound decreases with force, because the probability for finding
the tethered construct in an open conformation increases.
Moreover, τunbound decreases with increasing solution concen-
tration. From the fits to the concentration-dependent τunbound
curves we obtain a pseudo first-order on-rate for GPIbα bind-
ing of kon = 3.7 (μM*s)−1. It is important to note that the
shape of the fit curves is predetermined by PopenðFÞ, which is
not a fit parameter but measured directly (Fig. S2). The off-
rate (1/τbound) is independent of concentration as well as ap-
plied force and we find koff = 1.8 s−1. We note that this value
is very close to the zero-force value that we extrapolated from
the tethered construct in Fig. 2C. This again confirms the val-
idity of the extrapolation methods used above.
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Fig. 2. Interaction of filamin with tethered peptides. (A) Force extension trace of the interaction between the target peptide of GPIbα and FLNa21 (GPIbα-
FLNa21). At forces around 10 pN, the target peptide rapidly fluctuates between bound and unbound conformations and stays permanently unbound at higher
loads (>12 pN). (B) Equilibrium traces obtained at three different biasing forces. At high loads (top trace), the probability (black histogram) is shifted to the
unbound state, whereas at decreasing loads, the bound state becomes more and more populated (bottom two traces). (C) Opening (circles) and closing
(triangles) rates as a function of force. The solid line is an extrapolation of the rates to zero-load taking into account the compliance of all mechanical elements
in the construct (SI Materials and Methods). (D) Force extension trace of the interaction between the target peptide of β7-integrin and FLNa21 (ITβ7-FLNa21).
(E) Equilibrium traces of ITβ7-FLNa21 obtained at three different biasing forces (compare B). (F) Opening (circles) and closing (triangles) rates as a function of
force (compare C). (G) Force extension trace of the interaction between the target peptide of migfilin and FLNa21 (Mig-FLNa21). (H) Equilibrium traces of Mig-
FLNa21 obtained at three different biasing forces (compare B and E). (I) Opening (circles) and closing (triangles) rates as a function of force (compare C and F).
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The new competition assay now allows to determine the force-
free on- and off-rates for all three different peptides (Table S3
and Fig. S4 A and B). Even though the binding kinetics of those
ligands have not been measured before, the equilibrium binding

constants (KD) of the three peptides calculated from the kinetics
agree well with bulk measurements (Table S3) (25). It is in-
teresting to note that with KD values in the micromolar range
and above, as well as lifetimes below a second, all those inter-
actions are very dynamic.

Mechanical Response of the Autoinhibition of FLNa20-21. In a next
set of experiments, we used the single-molecule mechanical com-
petition assay to investigate the force-sensing mechanism of the
domain pair FLNa20-21 (16). Can we see an autoinhibited con-
formation of the FLNa20-21 domain pair that is relieved with
increasing loads? A force vs. extension curve of this domain pair
is shown in Fig. 4A. Upon stretching (blue trace), we observe two
major unfolding peaks around 15 and 37 pN, respectively. The
lower peak exhibits a contour length change of ΔL = 17.7 ± 0.3
nm, and the higher peak has a ΔL of 28.8 ± 0.5 nm. The lower
force peak can be directly associated with unfolding of domain 20,
whereas the high peak reflects unfolding of domain 21. This as-
signment is confirmed by measurements with the isolated domains
20 and 21 (Fig. S5). Compared with other Ig domains of filamin
(26–28), domain 20 appears much more mechanically labile.
A clear signal for opening the autoinhibited conformation, in

which the A-strand of domain 20 is attached to domain 21,
cannot be observed in the low-resolution trace of Fig. 4A. The
single-molecule mechanical competition assay described above
(Fig. 3) now offers a possibility to study the force-dependent
relief of autoinhibition and hence the force-sensing properties of
the domain pair together with its force-dependent binding rate of
ligands from solution. At a solution concentration of 2.7 μM
GPIbα, a force-dependent change in the fluctuation pattern of
the domain pair can be observed when held at a biasing force of
4.5 pN (Fig. 4B). Again, rapidly fluctuating high-SD regions are
interrupted by quenched low-SD dwells. The quenched levels
(e.g. Fig. 4B, right arrow) exhibit exactly the same lifetimes of
GPIbα unbinding (τbound = 520 ms; see Fig. S4D) as in Fig. 3C.
The high-SD regions in the high-bandwidth trace (left arrow)
also reflect the same concentration dependence and pseudo first-
order on-rate as before (Fig. S4C), which confirms the unbinding
and rebinding of GPIbα peptides from solution. A zoom into the
high-SD region (Fig. 4B, Inset) reveals that the molecular con-
struct undergoes rapid transitions between a closed and an open
form. Force directly affects the probability of GPIbα binding to
the domain pair from solution. This can be seen in the strongly
smoothed curves of Fig. 4C, where increasing load increases the
number of binding events observed. It is important to note that
the force conditions shown were measured using the same
molecule. The length change we observe between the closed and
open conformation is 1.4 nm at a biasing force of 3.2 pN. From
this length change, we can calculate a total contour length dif-
ference between the closed and open conformation of 14.5 ± 1.1
nm. This value is very close to the calculated contour length gain
of 16.8 nm of a conformational change where the A-strand of
FLNa20 detaches from FLNa21 and the domain pair opens up,
as suggested by the crystal structure (14). Combining the force
and concentration-dependent binding kinetics of GPIbα to
FLNa20-21 allows reconstruction of the force-dependent gating-
characteristics of the domain pair. In Fig. 4D, three data sets at
different peptide concentrations were normalized by their max-
imal peptide binding rates, giving a direct measurement of the
force-dependent opening probabilities (for details, see SI Mate-
rials and Methods). The solid line represents the globally fitted
opening probability with a force of half-maximal opening F1/2 =
3.9 pN and a total free energy for opening of 2.8 kBT. In-
dependently, the force-dependent opening probability of
FLNa20-21 was obtained (Fig. 4D, dashed line) from dwell time
analysis of the unquenched regions using HMM analysis (Fig. S6
and SI Materials and Methods).
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Fig. 3. Single-molecule mechanical competition assay to study peptide
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FLNa21 construct held at a force bias of 8.5 pN in the presence of 2.3 μM
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(blocked fluctuations due to competitive peptide binding from solution). (C)
Dependence of the bound and unbound lifetimes as a function of applied
force and solution concentration. As expected for binding from solution,
τunbound depends on the opening probability of the tethered construct and
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τbound is independent (see text and SI Materials and Methods).
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Discussion
The force-gating characteristic we find for FLNa20-21 is tuned
to surprisingly low forces. For comparison, the putative force-
sensing titin-kinase domain acting in the high-force environment
of muscle was reported to undergo force activation at around 40
pN (15, 29). However, in vivo and in vitro studies of the adhesion
forces of integrins to fibronectin as well as the direct force
measurements within load-bearing focal adhesion of living cells
have indicated that a relevant force scale within cells may be
much lower: on the order of a few piconewtons (30–32). The
force sensing of filamin seems to be tuned exactly to this force
range. Another important aspect of the force sensing of filamin
is its smooth opening characteristic. Unlike the common de-
scription of force-induced structural changes within proteins as all-
or-none events far from equilibrium, we find that filamin shifts its
opening probability in a force-dependent and gradual manner from

closed to open as indicated in the curve of Fig. 4D. This ensures
a precise and well-controlled gating curve even though the in-
volved binding energies lie below 4 kBT. It has been argued that an
autoinhibition of filamin seems unlikely in in vitro experiments
because it could be shown that an excess of ligand alone is able to
convert the filamin domain pairs from a closed to an open con-
formation (33, 34). However, this stood in apparent contrast to
earlier reports that the isolated domain 21 binds stronger to
ligands than the domain pairs (14) as well as to binding studies on
strained filamin–cross-linked actin networks (17). Our results are
now able to reconcile this contradiction. Opening of the domain
pair under load is, unlike a mechanical switch, a gradual process
that shifts the binding constants by up to a factor of 17, and thus
modulates affinity in a force-dependent manner.
A further important aspect of the force transmission through

filamin is the transient and dynamic nature of the bonds involved.
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Fig. 4. Filamin domain pairs act as a precisely tuned
mechano-sensor. (A) Low-resolution stretch (blue)
and relax (gray) trace of FLNa20-21. At forces around
15 pN, FLNa20 unfolds, and at higher loads exceed-
ing 30 pN, FLNa21 unfolds. Opening of the domain
pair and release of the autoinhibition is not visible at
this experimental resolution. (B) (Upper) Competi-
tion assay of domain pair opening in the presence of
2.7 μM GPIbα peptide in solution observed at loads
of 4.5 pN (color scheme as in Fig. 3A). High-SD re-
gions (opening–closing fluctuations) are interrupted
with low-SD regions where bound peptide blocks
fluctuations. (Lower) Zoom into a transition region.
(C) Force-dependent binding of peptide from solu-
tion observed at biasing forces from 2.3 to 4.0 pN.
From low to high loads, the binding probability (black
histograms) increases constantly. (D) Force-de-
pendent gating characteristics of the force-sensing
domain pair as obtained from the force and con-
centration-dependent dwell times of Fig. S4C (blue
data points; black solid line shows global fit). The
three symbols (triangle, square, and circle) denote
three different solution concentrations. The dashed
black line is an independent measure of the force-
dependent opening probability as obtained from the
HMM analysis of the fluctuating state where no li-
gand from solution is bound (Fig. S6B).
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Fig. 5. Model of the force-dependent binding and clustering of membrane receptors to filamin. Mechanical force in a strained cytoskeleton will lead to
domain pair opening in the rod 2 segment of filamin, allowing the binding to membrane receptors. The simultaneous interaction with many domain pairs will
significantly stabilize the cytoskeleton–membrane interaction and potentially induce clustering of receptors.
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We find that even the strongest interaction of GPIbα with rod 2
domains of filamin, which critically determines platelet integrity
under shear flow forces (11), is transient with a lifetime of less
than a second even in the absence of force.
How can a cell sustain mechanical loads applied over much

longer timescales? A view of the complete force transmission
network helps to resolve this issue. Filamin does not offer only
a single binding site to transmembrane receptors, but instead rod
2 has three reported domain pairs (Fig. 5). Therefore, in a dimer
of filamin, many interaction sites act in concert leading to
a strong avidity effect. Because bond energies are additive, the
lifetimes will increase exponentially, which leads to long-lasting
multiple bonds. Interestingly, the binding to domain 17 is likely
not autoinhibited (15). The constitutively active domain 17 may
be important for transiently recruiting filamin to the membrane
receptor. The subsequent build-up of mechanical tension can
then relieve the autoinhibition of the other domains promoting
strong anchoring. The necessity of multiple parallel bonds for
stable anchoring is in accord with the idea that the multiple
binding sites of filamin can also induce clustering of trans-
membrane receptors (10, 25). Alternatively, filamin interactions
may be substituted or stabilized by other adaptor molecules. In
the case of GPIbα, a candidate for such a molecule is 14-3-3ζ,
which is required for firm adhesion, and one of the 14-3-3ζ
binding sites on GPIbα overlaps with that of filamin (35). An
analogous function could be taken by talin in the case of integrin-
based adhesion (14, 36).

In conclusion, we have shown that the rod 2 domains of fila-
min act as force-sensing domains that react to the small cyto-
skeletal forces acting in cells. The dynamic equilibrium switching
of this force sensor may provide a prototype for other force
sensors found in living systems.

Materials and Methods
The domain pair 20–21 of human filamin A was genetically inserted between
two ubiquitins with terminal cysteines that served as spacers. For the
tethered peptide construct, domain 20 was replaced by the filamin-binding
region of GPIbα/ITβ7/migfilin, linked to FLNa21 via an additional 6-aa gly-
cine–serine spacer. To the terminal cysteines of the construct thiol-modified
DNA handles of a length of 180 nm were attached. To create a dumbbell
geometry, the other biotin/digoxigenin functionalized end was attached
to micrometer-sized streptavidin/anti-digoxigenin silica beads (Fig. 1B). The
beads were trapped in the foci of a custom-built dual beam optical tweezers
setup and subjected to stretch-and-relax cycles or a constant force bias with
fixed trap positions. All measurements were performed in PBS (10 mM
phosphate buffer, 2.7 mM potassium chloride, and 137 mM sodium chloride,
pH 7.4). For the single-molecule mechanical competition assay, peptides with
the same sequence as the tethered ones were added into the solution.

Transitions between states were detected using a HMM analysis on the
unfiltered raw data of the difference signal of the two traps. Complete
descriptions of the methods used are given in SI Materials and Methods.
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