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Abstract
Platelets interact with fibrin polymers to form blood clots at sites of vascular injury1–3. Bulk
studies have shown clots to be active materials, with platelet contraction driving the retraction and
stiffening of clots4. However, neither the dynamics of single-platelet contraction nor the strength
and elasticity of individual platelets, both of which are important for understanding clot material
properties, have been directly measured. Here we use atomic force microscopy to measure the
mechanics and dynamics of single platelets. We find that platelets contract nearly instantaneously
when activated by contact with fibrinogen and complete contraction within 15 min. Individual
platelets can generate an average maximum contractile force of 29 nN and form adhesions
stronger than 70 nN. Our measurements show that when exposed to stiffer microenvironments,
platelets generated higher stall forces, which indicates that platelets may be able to contract
heterogeneous clots more uniformly. The high elasticity of individual platelets, measured to be 10
kPa after contraction, combined with their high contractile forces, indicates that clots may be
stiffened through direct reinforcement by platelets as well as by strain stiffening of fibrin under
tension due to platelet contraction. These results show how the mechanosensitivity and mechanics
of single cells can be used to dynamically alter the material properties of physiologic systems.

At sites of vascular injury, platelets and fibrin polymers interact to form blood clots that
prevent haemorrhage. During clot formation, platelets bind to the fibrin network and
aggregate. Actomyosin-based contraction of individual platelets then leads to substantial
decreases in clot size and exerts significant strains on fibrin scaffolds2, altering clot
organization and stiffness. Indeed, the addition of platelets increases the elastic moduli of
fibrin gels by approximately tenfold, according to bulk studies of isometrically contracting
clots4,5. As clots are exposed to a wide range of external forces in a haemodynamic
environment, clot mechanical properties affect numerous aspects of haemostasis and
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thrombosis6, and recent clinical studies have correlated altered clot mechanics with disease
states. For example, clots in young heart attack patients are much stiffer and resistant to
degradation than in healthy subjects7. Conversely, clots in patients with bleeding disorders
such as haemophilia are much softer and prone to degradation than in healthy subjects8.
Interest in the factors that control clot mechanics has therefore focused attention on the role
of platelets and fibrin.

Assays developed over the past few decades have provided measurements of the total
contraction force exerted during clot retraction and of the mechanical properties of fibrin
gels with and without platelets, but only at the bulk clot level4,9. As platelets drive clot
contraction, single-cell measurements are required to obtain a mechanistic understanding of
the retraction process and to identify specific therapeutic targets for disease states in which
platelet/clot retraction is pathologically altered. However, the complexity of clots makes
isolation and investigation of individual platelet and fibrin polymer behaviour difficult.
Recent in vitro studies have provided new insight into the mechanical properties of fibrin
polymers10,11, particularly the high extensibility of fibrin. Less is known about single-
platelet mechanics, owing in part to platelets’ small size and their propensity to rapidly
activate, adhere, and spread onto flat surfaces12. The elastic modulus of a contracted platelet
remains unknown, and basic biophysical characteristics of individual contracting platelets,
such as timescale, maximum contraction forces, and adhesion strength, have not been
measured.

To measure the contraction, mechanics and dynamics of single platelets, we used a custom-
built atomic force microscope (AFM) with an integrated ‘side-view’ fluorescence
microscope13. Fluorescently labelled single platelets suspended in a buffer solution were
positioned between a fibrinogen-coated cantilever and a fibrinogen-coated surface,
emulating the geometry of a platelet within a fibrin gel containing pore sizes from 1 to 5 μm
(Fig. 1a; ref. 12). Confocal microscopy showed that as a platelet spreads between two
opposing fibrinogen-coated surfaces, actin structures are formed between those surfaces
(Fig. 1b, Supplementary Fig. S1) and enable the platelet to contract (see the Methods
section).

To prevent further bleeding, clots must form efficiently and promptly; therefore, all platelet
processes, especially contraction, must occur rapidly. Using AFM to monitor platelet
contractile force and dynamics, we found that activated single platelets began contracting
nearly instantaneously on contact with the fibrinogen-coated cantilever and surface. In a
typical experiment, the platelet reached a maximum rate of contraction 2–3 min after contact
and then stalled after 10–15 min as it exerted a maximum contraction force of 15 nN (Fig.
1c–e, Supplementary Video S1). After the platelet reached maximum contraction, it was
able to sustain that tension for many minutes until the end of the experiment (Fig. 1c). This
rapid timescale of platelet contraction was seen in all experiments (Supplementary Fig. S2),
even when an external load was applied (Supplementary Information). Interestingly, the
timescale we observed is consistent with the minimum reported time for platelet-induced
bulk clot retraction of 15 min, although retraction times up to 120 min have been
reported14–16. This broad range of clot retraction timescales may be due to differences in the
concentration and/or organization of the fibrin, platelet concentrations, or platelet activation
at different time points within the clot in those systems.

Clot structure can be anisotropic and spatially non-uniform12, leading to a heterogeneity of
mechanical microenvironments platelets might encounter. As fibrinogen density correlates
with clot stiffness17, we investigated whether platelet contraction force and the rate of
increase in contraction force (nN s−1) are influenced by alterations in the stiffness of their
surroundings. To conduct these experiments, we used cantilevers with different stiffnesses
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(either ~18 or ~43 pN nm−1), which correlate with physiologically relevant mechanical
properties of fibrin clots (~12 or ~29 kPa, respectively; see Supplementary Information)17.
To measure the maximum contraction force of an individual platelet, we also used a
feedback algorithm that places the platelet under isometric contraction, also known as a
distance or isometric clamp18, which is equivalent to an infinitely stiff microenvironment
(Fig. 2a,b, Supplementary Video S2). This feedback algorithm modulates the position of the
surface during platelet contraction such that the distance between the cantilever and surface
is held constant.

Under these three different microenvironmental stiffness conditions, we found that platelet
contraction was significantly altered. As cantilever stiffness increased, platelets exhibited
higher contraction forces and rates, and generated more work (Fig. 2c,d and Supplementary
Fig. S3). Interestingly, a ~2.5-fold increase in cantilever stiffness led to a nearly 2-fold
increase in the median platelet maximum contraction force, so that actual contraction
distances were similar. However, this relationship may be different at lower stiffness values.
Despite the relative simplicity of platelets, such stiffness-dependent behaviour is similar to
that reported for other contractile cells, which pull to a constant fraction of their original
height over a certain regime of stiffness.19–21. Physiologically, the ability of platelets to pull
with higher forces in stiffer microenvironments, such as areas of high fibrin density, would
be expected to lead to a more uniform contraction of a heterogeneous fibrin gel in a blood
clot. Stiffness in a fibrin gel has been shown to scale with the 1.67 power of fibrin
concentration17. Thus, we estimate that a given platelet will contract with 2.5 times as much
force for an increase in fibrin concentration by a factor of 2, and generate 2 times as much
work (Supplementary Information). Further studies are needed to correlate contraction force
and local fibrin elasticity in clots.

Our experiments reveal that platelets exert remarkably high contraction forces, with the
magnitude of maximum contraction forces ranging from 1.5 to 79 nN (mean: 19 ± 3.1 nN, n
= 30, s.e.m.; Fig. 2c). This roughly matches with the prediction of a previous study of bulk
clot retraction in which the contraction force of a single platelet was extrapolated to be 20
nN (ref. 22), although the prediction does not capture the large variation in contraction
forces or stiffness dependence of platelet contraction that we measure. The forces exerted by
individual platelets are remarkable given their small size. Although single myoblast cells
have been shown to exert up to 300 nN (ref. 19), they are approximately three orders of
magnitude larger in volume than platelets23. Thus, platelets exert a force per volume two
orders of magnitude greater than that exerted by myoblasts, or a force per area that is one
order of magnitude greater. As single myosin II molecules can generate a maximum of ~6
pN of force24,25 and there are approximately 12,000 myosin II molecules in each platelet2,
we estimate the maximum theoretical contractional force of a single platelet to be 72 nN. In
our isometric clamp conditions, we measured a median contraction force of 18 nN, which is
~25% of this maximum value. Interestingly, skeletal muscle cells, with highly ordered
sarcomere contractile units, also exert maximum contractile forces with 30% of the myosins
contracting, although skeletal muscle cells contain muscle myosin II as opposed to the non-
muscle myosin II in platelets25. Thus, the contraction forces generated by platelets, without
any prior ordering of contractile actomyosin fibres, are surprisingly high.

The large forces exerted by platelets also have implications for the interaction between
platelets and fibrin. Protofibrils of fibrin are estimated to unfold at a force of ~75 pN (refs
11,26). Although these protofibrils are linked together into fibres, the large forces exerted by
platelets may still be high enough to cause unfolding of some fibrin polymers, potentially
leading to permanent alteration of the fibre structure11.
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After clot formation and retraction, preservation of clot mechanical integrity is vital to
maintaining haemostasis, and contracted platelets have been shown in bulk studies to
enhance clot stiffness4,27. To understand how, we investigated the mechanical properties of
single contracted platelets. After platelet contraction was completed, we measured the
elasticity and extensibility of single platelets, as well as the adhesion strength between the
platelet and the fibrinogen-coated surface or cantilever (Fig. 3a–b, Methods, Supplementary
Video S3). We found the elasticity of a contracted platelet in this regime to have a mean of
9.85 ± 1.71 kPa (n = 12, s.e.m.). The adhesion force of the platelet, measured when the
platelet detached from the surface or cantilever (Fig. 3a), had a mean of 69.0 ± 12.7 nN (n =
11, s.e.m.), corresponding to rupture stresses of approximately 5 kPa. Although this
measurement represents a minimum, as rupture could have occurred between the platelet
and the fibrinogen or between the fibrinogen and the surface, platelet adhesion force per area
is at least 600 times higher than that measured between single leukocytes and endothelial
cells13,28. We also found the extensibility of the platelet to have a mean of 1.57 ± 0.22 (n =
11, s.e.m.) before rupture. Interestingly, both platelet elasticity and adhesion strength
correlated with maximum contraction force (r = 0.76 and 0.77, respectively, P < 0.05),
indicating that the more force a platelet exerts, the stiffer and more adhesive it becomes.

Previous work has shown that the elasticity of platelet-rich clots (~600 Pa) is 10-fold greater
than platelet-free clots (~70 Pa) in an isometric system in which clot length is held
constant4,9. Platelets are exerting high contractile forces on the fibrin, so that the strain
stiffening of individual fibrin fibres under tension would lead to an increase in overall
network elasticity, similar to stiffening of actin networks due to tensional forces exerted by
myosin filaments29. Also, platelets are known to reorganize network architecture and to
induce additional polymerization of fibrin1,30. However, the contribution of these
mechanisms to the enhancement of network elasticity is unclear.

According to our measurements, platelets are two orders of magnitude stiffer than platelet-
free clots and one order of magnitude stiffer than platelet-rich clots, indicating that platelets
may additionally reinforce the mechanical properties of the clot directly, as in particle-filled
elastomers31. Within this context, the high stiffness and adhesion of the platelets to the fibrin
matrix may allow the platelet to directly bear some of the load, restrict local deformations of
the fibrin matrix, and serve as a crosslinking centre within the fibrin gel (Supplementary
Information). We speculate that direct enhancement of clot elasticity by platelets could be
important during early phases of clot formation and contraction, when the fibrin gel is
relatively sparse and most susceptible to deformation by physiological forces such as blood
flow.

The AFM measurements on single platelets presented here reveal that platelets contract
rapidly and generate high contraction and adhesive forces in a stiffness-dependent manner,
which, we suggest, may lead to more uniform contraction of the clot as a whole (Fig. 4a).
We note that these contraction results have direct implications for platelet aggregation
(Supplementary Information) and indicate that mechanics, in addition to biological agonists
such as ADP and epinephrine, may affect platelet aggregation. The combined effect of high
platelet stiffness, attachment to multiple fibrin polymers, and high detachment forces
contributes to the significant enhancement of the elasticity of clots by platelets (Fig. 4b).
These two effects illustrate the complex mechanical properties of clots as a composite
material, the properties of which are highly dependent on the specific interactions between
platelets and the fibrin gel. These experiments improve our overall understanding of clot
material properties in haemostasis and thrombosis, and this experimental system could
potentially lead to new diagnostic assays and insight for cardiovascular disease and
disorders of platelet function.
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Methods
Experimental geometry and platelet capture in side-view AFM

Our experiments measured the contraction force applied by a single cell between opposing
sides of the cell body and in a direction normal to the surface of attachment. Similarly,
platelets embedded in a fibrin network must exert forces across their cell body to contract
and pull fibrin fibres together, although typically with multiple points of contact22. In that
regard, the configuration of our AFM measurements provides the simplest geometry
possible within a fibrin scaffold, representing a platelet spanning two bundles of fibrin
polymers and exerting contractile forces along the axis normal to the two fibres. This quasi-
three-dimensional configuration positions a platelet for uniaxial contraction and therefore
provides a convenient method to directly measure the maximum or total possible contraction
force that a platelet embedded in a fibrin network can exert. In dense fibrin networks, the
total force generated by actomyosin contraction would probably be distributed in multiple
directions for platelets with multiple attachment points.

To capture platelets before they contacted a surface, we used a custom-built AFM with an
integrated ‘side-view’ fluorescence microscope13. This system was important for our
experiments, as platelets rapidly activate on contact with fibrinogen-coated surfaces32, and
conventional bottom-view epifluorescence microscopy does not easily discriminate between
platelets near the surface and platelets that have just come into contact with the surface but
have not yet spread. The side-view imaging path was used to rapidly locate platelets that
were near the surface but had not yet contacted, and then to initiate contact between the
platelet and both the glass surface and AFM cantilever surface simultaneously (see
Supplementary Video S4). When a diffusing platelet was positioned so that it contacted the
surface and cantilever simultaneously, it contracted and pulled the flexible cantilever
towards the surface (Fig. 1c). Side-view imaging provided visual confirmation of platelet
contraction (Supplementary Video S1). The cantilever deflection during platelet contraction
was detected with an optical lever, providing sub-nanometre-scale resolution of cantilever
position and piconewton-scale resolution of cantilever force. AFM cantilevers behave like
Hookean springs for small deflections, so that force is proportional to deflection.

Platelet activation in AFM experiments
Two signalling pathways mediate platelet contraction, both of which ultimately converge
and result in actomyosin contraction. Binding of fibrin/fibrinogen to integrin αIIbβ3
(glycoprotein IIb/IIIa) receptors on the platelet surface initiates the main pathway, leading to
calcium mobilization and activation of myosin light-chain kinase2. In addition, thrombin, a
potent platelet activator produced during the clotting process, binds to specific receptors and
initiates the rho kinase signalling pathway that inhibits myosin light-chain phosphatase,
resulting in increased myosin activation15. In the results reported here, we used thrombin-
activated platelets because thrombin is present during clot formation and retraction in vivo,
and is used in in vitro bulk clot retraction studies. Control experiments confirmed that
platelet contraction in our system was mediated by fibrinogen and integrin αIIbβ3, and was
actomyosin and calcium-dependent, which is consistent with the present understanding of
clot retraction (see Supplementary Information, Fig. S4). In addition, experiments with a
fluorescent calcium indicator confirmed that platelet activation was maximum on contact
with the cantilever and glass surfaces (Supplementary Fig. S5), although we cannot rule out
some pre-activation on exposure to thrombin.

Elasticity and adhesion measurements
After platelet contraction was completed, we moved the surface away from the cantilever at
a constant rate to determine the elasticity and extensibility of single platelets, as well as the
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adhesion strength between the platelet and the fibrinogen-coated surface or cantilever. As
the surface was moved away, the attachment force between the platelet and the surface
increased and the platelet elongated. We calculated the elasticity of the contracted platelet
from the relationship between the measured platelet force per unit area (stress) and fractional
change in platelet length (strain).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Measuring the contraction of single platelets with AFM
a, Cartoon of platelet contraction in a blood clot. The blood clot consists of fibrin gel, single
contracting platelets, and platelet aggregates (not shown). Activated platelets adhere to fibrin
polymers and contract, driving contraction of the blood clot as a whole. b, Three-
dimensional isosurface rendering of multiple confocal microscopy planes shows a single
thrombin-activated, membrane fluorescently labelled platelet, attached and spread between a
fibrinogen-coated cantilever and a fibrinogen-coated glass surface, simulating the
experimental set-up of the side-view AFM system. Scale bar = 1 μm. c, Cartoon of the
experimental set-up used to measure single-platelet contraction. A fibrinogen-coated AFM
cantilever is pressed slightly against an activated platelet just as it lands on a fibrinogen-
coated surface. Contraction of the platelet then pulls the cantilever down towards the surface
to a length, L, until the force of the cantilever, F, stalls further contraction. d, Force and
platelet length measurement during a typical experiment. Tensional force, or force against
platelet contraction due to the cantilever deflection towards the surface, is negative here. e,
Zoom in of the first two minutes of the experiment from d showing a small compressional
force applied to the platelet to initiate contact, and instantaneous contraction of the platelet.
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Figure 2. Stiffness dependence and timescale of platelet contraction
a, Cartoon of isometric clamp experiments that were used to simulate an infinitely stiff
environment. As the platelet contracts, the surface is retracted such that the length of the
platelet remains constant. b, Typical isometric experiment measurement with the cantilever
deflection shown in black and platelet height shown in red. The isometric clamp is turned on
after ~2 min. c,d, Distribution of stall forces and contraction rates for platelets pulling
against cantilevers with stiffnesses of 18 and 43 pN nm−1, and in an isometric clamp.
Medians, quartiles and 90/10 levels are shown, and the * represents a significant difference
with a P value of <0.05, ** represents a significant difference with a P value of <0.01, and
**** represents a significant difference with a P value of <0.001.
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Figure 3. Elasticity and adhesion measurement for contracted platelets
a, Typical elasticity and adhesion measurement. The surface (solid grey line) is ramped out
at a speed of 500 nm s−1, or 1,000 nm s−1 for a platelet for which contraction has stalled.
The cantilever is pulled down until adhesion to the surface or the cantilever is ruptured,
giving the adhesion force. Extensibility is defined as the length of the platelet at the rupture
point, relative to its length at the beginning of the ramp-out experiment. b, Stress versus
strain during the first 0.5 s of the ramp-out experiment in a. These data are fitted with a line
to calculate the elasticity of the contracted platelet. Average measured elasticity was 9.85
kPA (n = 12), average extensibility was 1.57 (n = 11) and adhesion force was 69 nN (n =
11).
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Figure 4. Proposed effects of platelets on clot retraction and mechanics
a, During the initial formation of a clot, activated platelets are interspersed in what is
probably a heterogeneous fibrin gel. Areas of higher density of fibrin are indicated with
darker shading, and exhibit higher stiffnesses. b, The stiffness dependence of platelet
contraction probably results in increased forces of contraction in areas of higher stiffness
(that is, higher fibrin density), possibly leading to a more uniform contraction of the clot as a
whole and an increase in overall elasticity. c, We suggest that the high elasticity of
contracted platelets and large adhesion forces between the platelets and the fibrin gel may
allow for platelets to reinforce the mechanical properties of the clot directly, by acting as a
multi-point crosslinker, restricting deformation and flow of the fibrin gel around the platelet,
and by bearing some of the load. Tension on fibrin fibres due to large forces of platelet
contraction also may lead to stress stiffening of the fibres under tension, further contributing
to stiffening of the clot as a whole.
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