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Platelets participate in many physiological and pathologi-
cal processes—for example, haemostasis and thrombosis, 
immune responses, atherosclerosis, lymphatic vessel develop-

ment, angiogenesis and tumour metastasis1—most of which occur 
in a stressful mechanical milieu. To play such roles, platelets acti-
vate integrin αIIbβ3 to carry out adhesive and signalling functions2–4. 
Strikingly, platelets can rapidly sense and respond to haemodynamic 
forces to allow the mechanical environment to regulate their activa-
tion4–7. Disturbed blood flows, as occur with vessel stenosis or medi-
cal device intervention, stimulate platelet adhesion and aggregation,  
and facilitate the formation and propagation of thrombi8,9,  
thereby increasing the risk of occlusive thrombosis10. The ability  
of platelets to sense haemodynamic forces largely depends on the 
mechanosensing of integrin αIIbβ3 (refs. 9,11) and glycoprotein Ibα 
(GPIbα)5,12–14 through engaged ligands such as fibrinogen (Fg), 
fibronectin and von Willebrand factor (VWF), although the detailed 
mechanisms remain incompletely understood.

Understanding how force stimulates platelet aggregation is 
clinically relevant, because the prothrombotic effects of disturbed 
blood flow cannot be eliminated by conventional antiplatelet agents 
that inhibit agonist-induced platelet aggregation mechanisms8,10. 
However, whether the αIIbβ3 integrins are activated similarly or 
differently by biomechanical versus biochemical (agonists, such 
as adenosine diphosphate (ADP), thrombin and thromboxane A2 
(TXA2)) stimuli is still elusive, hindering our understanding of the 
mechanisms underlying shear-induced thrombosis. Moreover, how 
GPIbα and αIIbβ3 interplay to coordinate platelet mechanosensing 
remains poorly defined.

Integrins are αβ heterodimers that have multiple states with dis-
tinct conformations and affinities. According to the switch-blade 
model15, inactive integrins are bent (B) with a closed headpiece (C) 
where the hybrid domain swings in; its ligand binding is undetect-
able unless using ultrasensitive techniques16. On activation, integrins 
may unbend to an extended-closed (EC) conformation, followed by 
headpiece opening with the hybrid domain swung out, resulting in 
an extended-open (EO) conformation17,18 (Fig. 1a). Integrin αIIbβ3 
can be activated bidirectionally, via inside-out signalling induced by 
GPIbα19,20 or soluble agonist receptors4, and via outside–in signalling, 
which requires ligand association21. The EO αIIbβ3 binds ligand with 
high affinity17,22. In contrast, only standalone, unliganded EC αIIbβ3 is 
seen in crystal structures23, and is hypothesized to have low affinity, 
similar to its BC conformer24. Nonetheless, whether EC αIIbβ3 exists 
physiologically (and its function and regulation) remains unclear.

By using our recently developed dual biomembrane force probe 
(dBFP)20 and fluorescence biomembrane force probe (fBFP)13 com-
bined with microfluidic perfusion assays, we identified an inter-
mediate affinity state of αIIbβ3 in the EC conformation, which exists 
in—and is critical to—the development of biomechanical platelet 
aggregation. Furthermore, our work mapped the activation land-
scape of integrin αIIbβ3 on live platelets and elucidated different 
mechanisms of αIIbβ3 activation in the development of biomechani-
cal and biochemical thrombi.

Results
EC αIIbβ3 mediates biomechanical platelet aggregation. To inves-
tigate the role of αIIbβ3 activation in disturbed-flow-induced platelet 
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aggregation, we perfused human whole blood through a microflu-
idic channel with a two-dimensional (2D) hump mimicking steno-
sis (Fig. 1b)8,25. Amplification loop blockers (ALBs) were added to 
inhibit platelet activation by soluble agonists26. To define the αIIbβ3 
conformation and activation states, we used confocal microscopy 
to visualize real-time immunostaining of developing platelet aggre-
gates by monoclonal antibodies (mAbs) (Fig. 1a). MBC370.2 rec-
ognizes a motif on the αIIb Calf-1 domain that is only accessible on 
extended integrins27. AP5 recognizes an epitope in the β3 plexin-
semaphorin-integrin (PSI) domain and reports hybrid domain 
swing-out28. Therefore, combined MBC370.2/AP5 staining defines 
the αIIbβ3 conformations: BC (MBC370.2-/AP5−), EC (MBC370.2+/
AP5−) and EO (MBC370.2+/AP5+). PAC-1 binds the high-affinity 

form of the αIIbβ3 ligand-binding site29. As a control, SZ22 stains all 
αIIbβ3 conformations30.

Platelets primarily aggregated downstream of the hump, which 
positively stained with MBC370.2 but not AP5 or PAC-1 (Fig. 1c 
and Supplementary Videos 1–3). MBC370.2 staining requires ste-
nosis shear stimulation, because it stained negative in the static con-
dition (Supplementary Fig. 1).

To compare these results with biochemical platelet aggregation, 
we injected ADP (Fig. 1d) or thrombin receptor-activating peptide 
(TRAP) (Supplementary Fig. 2) 2 min after platelet aggregate for-
mation. The chase of agonists rapidly increased the rate and extent 
of platelet aggregation, leading to channel occlusion, and generated 
extensive staining of MBC370.2, AP5 and PAC-1 (Supplementary 
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Fig. 1 | Mapping αIIbβ3 conformations on platelet aggregates. a, Current model of three αIIbβ3 conformations: BC, bent-closed; EC, extended-closed; 
EO, extended-open. In the EO integrin, the oval notch spanning parts of the βI and β-propeller domains indicates the high-affinity ligand binding state 
recognizable by PAC-1. The binding sites for αIIbβ3 conformation-dependent (MBC370.2, AP5, PAC-1) and -independent (SZ22) monoclonal antibodies 
(mAbs) are indicated. b, Biomechanical platelet aggregation model showing the dimensions of the microfluidic channel, in-built stenosis hump and platelet 
accumulation and imaging area (dashed box). c,d, Blood was mixed with SZ22-Alexa488 and either MBC370.2-, AP5- or PAC-1-Alexa647, and perfused 
through the microfluidic channels at 1,800 s−1 bulk shear rate for 10 min. Differential interference contrast (DIC) and confocal images were taken to show 
platelet aggregates and mAb binding (1st column, merge; 2nd column, SZ22; 3rd column, MBC370.2; top, MBC370.2; middle, AP5; bottom, PAC-1). 
Biomechanical (c) or biochemical (d) platelet aggregations were induced by treating blood with amplification loop blockers (ALBs) (c) or without ALB but 
adding 50 µM ADP 2 min after platelets started to aggregate on the stenosis downstream (d). Images are representatives of ≥3 independent experiments 
of different human donors in duplicate. Scale bars, 10 μm. e, Quantitation of αIIbβ3 reporter mAb binding (intensity ratio of reporter mAb over SZ22) 
following biomechanical and biochemical stimulations. Data are presented as median ± 25th/75th percentile and min/max values (from left to right, n = 7, 
7, 8, 14, 7, 7, 8, 7, 8). NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001, assessed by unpaired t-test with Welch’s correction. f–h, Mean ± s.e.m. of SZ22+ 
and MBC370.2+ areas on platelet aggregates at indicated perfusion times without (h) or with 50 μg ml−1 ALMA12 (f) or 20 μg ml−1 Abciximab (g).
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Videos 4–6). The ADP- and TRAP-stimulated platelet aggre-
gates displayed MBC370.2 staining comparable to biomechani-
cally induced platelet aggregates, while AP5 and PAC-1 displayed 
much higher staining (all normalized by SZ22 staining) (Fig. 1e). 
Thus, on biomechanical platelet aggregates, a large portion of αIIbβ3 
molecules were EC and PAC-1 non-recognizable (PAC-1−EC), 
whereas on biochemical platelet aggregates, many integrins were 
PAC-1+EO. Corroborating this observation, a β3 integrin exten-
sion reporter, MBC319.427, rendered similar staining as MBC370.2 
(Supplementary Fig. 3).

Blocking GPIbα eliminated platelet aggregation (Fig. 1f,g and 
Supplementary Fig. 4a)8, whereas blocking αIIbβ3 severely limited 
platelets from forming large and stable aggregates, notwithstanding 

the remaining platelets still stained with MBC370.2 (Fig. 1f,h and 
Supplementary Fig. 4b). Extending our previous discovery8, these 
data indicate that biomechanical platelet aggregation is initiated by 
GPIbα and depends on αIIbβ3 with an EC conformation.

GPIbα mechanosignalling activates αIIbβ3 to the EC conforma-
tion. To examine the GPIbα requirement of αIIbβ3 extension, we 
used a dBFP adhesion frequency assay20 to interrogate the inter-
play between GPIbα and αIIbβ3 on a single platelet. Probe I of the 
dBFP was functionalized with a recombinant VWF-A1 domain31, 
which binds GPIbα but not αIIbβ3 (ref. 32); probe II was functional-
ized with a αIIbβ3 reporter mAb (Fig. 2a,b). We previously demon-
strated that a single GPIbα–A1 bond that sustains a 25-pN tensile 
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Fig. 2 | αIIbβ3 conformational changes following GPIbα mechanosignalling and agonist stimulation. a,b, dBFP set-up showing micrographs of a platelet 
(superimposed with the molecules in question) first aligned with the VWF-A1 bearing probe I (a) and then the FN-, Fg- or mAb-bearing probe II (b). 
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unstimulated (f), A1-stimulated (g) and ADP-stimulated (h) platelets pulled by FN (at ~20% adhesion frequency to ensure mostly single bonds). Portions 
of some curves are obscured due to overlapping. Goodness-of-fit (R2) and the fitted mean kmol and fraction of each sub-population are indicated. 10 µg ml−1 
LM609 was added to block αVβ3.
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force for >2 s is sufficient to trigger robust intraplatelet calcium13 
and upregulate αIIbβ3 (ref. 20). Therefore, we drove a micropipette-
aspirated platelet to repeatedly touch probe I and retract to clamp 
at 25 pN. Once a >2 s lifetime event was observed (Supplementary 
Fig. 5a), the platelet was realigned to probe II to assess the resulting 
αIIbβ3 changes.

A1-stimulated platelets showed substantial binding to MBC370.2 
and to another ‘E’-conformation reporter, LIBS-2 (anti-β3)33, but not 
to AP5 or PAC-1, indicating that GPIbα mechanosignalling induces 
PAC-1−EC αIIbβ3. In contrast, unstimulated platelets only adhered 
to the conformation-independent mAbs SZ22 and HIP834; ADP-
stimulated platelets adhered to all six mAbs at high frequencies  
(Fig. 2c). Thus, the same αIIbβ3 conformational changes were 
observed in the dBFP experiments as in the stenosis perfusion 
experiments, regardless of how such conformational changes were 
induced (mechanically or chemically).

The above results were confirmed by perfusing washed platelets 
through a microfluidic chamber co-functionalized with A1 and one 
of the mAbs (Fig. 2d). Platelet adhesion to A1/HIP8 and A1/LIBS-2 
was high, but much lower to A1/AP5 and A1/PAC-1, which were 
significantly increased by ADP pre-treatment. Blocking GPIbα with 
6D1 moderately decreased platelet adhesion on A1/HIP8, suggest-
ing a minor contribution of the GPIbα–A1 interaction to physically 
linking platelets and the surface, but significantly reduced platelet 
adhesion on A1/LIBS-2, suggesting a crucial role for the GPIbα–A1 
interaction in inducing αIIbβ3 extension.

Assessing integrin conformation by molecular stiffness. Force 
applied via an engaged ligand can lengthen the head-to-tail distance 
of an integrin because it behaves like a spring35. The integrin stiff-
ness depends on its conformation, as extended integrins are stiffer 

than bent integrins35 (Fig. 2e). We coated the dBFP probe II with a 
low density of fibronectin module III domains 7–10 (abbreviated 
as FN) to pull αIIβ3 for stiffness measurements of one integrin per 
adhesion event36. On resting platelets, the measurements produced 
a single-Gaussian histogram (Fig. 2f), which serves as benchmark 
stiffness for the BC integrins. After A1 stimulation by probe I, 
the integrin stiffness histogram exhibited a broader shoulder on 
the right side of the peak, which is better fitted (see Methods and 
Supplementary Table 1) by a dual- rather than a single-Gaussian 
distribution (Fig. 2g). The first Gaussian matched the BC αIIβ3 stiff-
ness in Fig. 2f, while the second sub-population displayed a higher 
stiffness, suggesting the EC conformation. In contrast, the stiffness 
from ADP-stimulated platelets adopted a triple-Gaussian distribu-
tion (Supplementary Table 1 and Fig. 2h). The first two sub-popula-
tions matched the stiffness of BC and EC αIIβ3 molecules, while the 
third sub-population was probably contributed by EO αIIβ3, with the 
further increased stiffness possibly resulting from headpiece open-
ing. Overall, our molecular stiffness measurements agree with the 
mAb mapping results. As a control, Mn2+ activation resulted in two 
sub-populations matching the stiffness of BC and EO, but not EC 
αIIβ3 (Supplementary Fig. 5b).

EC αIIbβ3 binds ligands with an intermediate affinity. To char-
acterize the ligand binding of EC αIIbβ3, we measured the platelet 
adhesion frequency (Pa) to FN by dBFP. Pa was increased from 5% 
of resting platelets by A1 stimulation to 30%, which was further 
increased by ADP or thrombin to 70–80% (Fig. 3a). Chelating intra-
cellular Ca2+ resulted in a lower Pa, whereas chelating extracellular 
Ca2+ had no effect (Supplementary Fig. 5c and Fig. 3a), confirming 
that GPIbα mechanosignalling requires intracellular but not extra-
cellular calcium5,6.
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FN binds three platelet integrins with expression levels 
αIIbβ3 ≫ αVβ3 ≈ α5β1, all contributing to platelet adhesion37–39. To dis-
sect the relative contributions of the three integrins to the measured 
Pa, we calculated the average number of total bonds bridging the 
platelet and the FN-bearing bead36, <n>total = −ln(1 − Pa). On block-
ing αVβ3 with LM60940 or αIIbβ3 with 10E541, we measured the remain-
ing Pa and calculated the <n>total–αVβ3 and <n>total–αIIbβ3 (‘−’ meaning 
‘minus’). After normalizing by the ligand density (ml), we found 
<n>total–αVβ3/ml + <n>total–αIIbβ3/ml indistinguishable from <n>total/ml 
for resting, A1-stimulated and ADP-stimulated platelets (Fig. 3b and 
Supplementary Table 2c). This suggests that the total bonds were pri-
marily contributed by αIIbβ3 and αVβ3, which bind FN concurrently 
and independently42, whereas α5β1 has negligible contribution, a con-
clusion confirmed by a β3-inhibitor, integrilin43, which eliminated all 
FN binding to the basal level (Supplementary Fig. 5c).

We next divided the <n>/ml values by the surface densities of 
αIIbβ3 or αVβ3 (mr) to calculate their average 2D effective affinities36, 
<AcKa>. Three levels of <AcKa>αIIbβ3 were observed on resting, 
A1-stimulated and ADP-stimulated platelets (Fig. 3c). Considering 
A1 stimulation induces a subset of EC αIIbβ3 integrins, the higher 
<AcKa>αIIbβ3 on A1-stimulated than resting platelets is attributed to 
a higher affinity of the EC αIIbβ3. A1- and ADP-stimulated platelets 
bound to ‘E’-reporter mAbs at similar levels (Fig. 2c,d), indicating 
comparable surface densities of extended αIIbβ3 molecules (all EC on 

A1-stimulated and an EC/EO mixture on ADP-stimulated platelets). 
The higher <AcKa>αIIbβ3 on ADP-stimulated than A1-stimulated 
platelets should therefore be attributed to a higher affinity of the EO 
than EC αIIbβ3. As a control, 0.5 mM Mn2+ elevated the <AcKa>αIIbβ3 
similar to A1 stimulation (Fig. 3c).

Using the same strategy, we found that platelet binding to Fg 
was also mediated by αIIbβ3 and αVβ3 (Fig. 3d,e and Supplementary 
Fig. 5c). Three levels of <AcKa>αIIbβ3 were again observed on resting, 
A1-stimulated and ADP-stimulated platelets (Fig. 3c). Resting plate-
lets have a much higher <AcKa>αIIbβ3 for Fg than FN, agreeing with 
the previous reports that αIIbβ3 modulates resting platelet attach-
ment to immobilized Fg but not fibronectin44, probably because of 
the distinct primary binding motifs (AGDV versus RGD) of the two 
ligands. The consistent results from two ligands demonstrate a hier-
archy of affinities for the three αIIbβ3 conformations: BC < EC < EO.

EC αIIbβ3 dissociates from ligands with an intermediate rate. 
Dissociation rate under force is an important property of the recep-
tor–ligand interaction orthogonal to affinity. We used dBFP to mea-
sure single αIIbβ3–FN bond lifetimes—the reciprocal of dissociation 
rates (Fig. 4a). Resting platelets yielded a slip bond where the aver-
age lifetime decreased with force45. A1-stimulated platelets elicited a 
catch bond below 6.5 pN where the average lifetime increased with 
force45, which turned into a slip bond over an extended force range; 
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the average lifetimes were also longer across all forces. ADP stimu-
lation greatly broadened the catch bond force regime, and further 
prolonged the lifetimes. Thus, the lifetimes of A1-stimulated plate-
lets are between resting and ADP-stimulated platelets, correlating 
with the EC αIIbβ3. Changing the ligand to Fg also yielded three aver-
age lifetime curves that exhibit catch bonds (Fig. 4b), in contrast to 
the previous slip bond reports of purified αIIbβ3–Fg interactions46,47, 
suggesting an impact of the cellular environment. Together, these 
data demonstrate a hierarchy of force-dependent bond lifetimes for 
the three αIIbβ3 conformations: BC < EC < EO.

Notably, the GPIbα mechanosignalling-induced intermedi-
ate state is specific for αIIbβ3. Although αVβ3 can be activated by 
ADP38,48, it was unresponsive to GPIbα mechanosignalling (Fig. 3f 
and Supplementary Fig. 6a–e). Platelet α5β1 could be activated by 
activating mAb TS2/16 or Mn2+ to bind FN, but not by A1 or ADP 
stimulation (Supplementary Fig. 6f).

Besides binding to GPIbα, full-length VWF also binds αIIbβ3 via 
the RGD moiety. We found that GPIbα mechanosignalling is still 
the prerequisite for αIIbβ3 to be intermediately activated for VWF 
binding (Supplemental Note 1).

Altogether, our results define an intermediate state for αIIbβ3 that 
features an EC conformation, intermediate ligand binding affinity 
and bond lifetime, distinguishing itself from the inactive and active  
states that respectively adopt the BC and EO conformations, 
low and high ligand binding affinities, and short and long bond  
lifetimes (Fig. 4c).

Distinct αIIbβ3 responses to different inside-out signals. 
Platelets stimulated by 2-µM ADP bound FN with a similar Pa 
as A1-stimulated platelets (Fig. 3a), but their lifetime curve was 
indistinguishable from that of 50 µM ADP-stimulated platelets 
(Fig. 4a), suggesting that low-dose ADP activates αIIbβ3 in a differ-
ent manner to A1. To further verify that mechanical and chemical 
stimulations (Fig. 5a) induce distinct αIIbβ3 inside-out signaling, 
we measured the platelet dose–response to A1 and ADP stimu-
lations using three complementary assays (all statistical analysis 
results are summarized in Supplementary Table 3). We define the 
‘dose’ of a mechanical stimulation as the amount/intensity of its 
mechanical effect.

We first used the dBFP to switch a platelet from an A1 probe to 
a FN or Fg probe to measure the αIIbβ3 adhesion frequency after the 
first GPIbα–A1 lifetime event, regardless of its duration. The post-
switch Pa was found to initially increase with the A1 lifetime, indi-
cating a mechanical dose dependency of αIIbβ3 activation (Fig. 5b). 
The Pa then plateaued after 2 s and stayed unchanged for up to 60 s, 
confirming that the intermediate affinity was not due to insufficient 
mechanical stimulation. Replacing the ligands with MBC370.2 
yielded similar results; by comparison, the Pa to SZ22 was constantly 
high and those to AP5 and PAC-1 were at background levels, show-
ing no dose dependency (Fig. 5c).

We next employed a cone-and-plate rheometer to apply varied 
shear rates (0–10,000 s−1) to platelets mixed with dimeric VWF-A1  
(dA1), which crosslinked GPIbα on two platelets and exerted 
forces on them. The resulting αIIbβ3 activation was examined by 
flow cytometry with reporter mAbs. While the majority of platelets 
remained singlets (Supplementary Fig. 7a), the fraction of platelets 
positively stained by MBC370.2, but not AP5 or PAC-1, increased 
significantly with shear (Supplementary Fig. 7b-f and Fig. 5d), indi-
cating a mechanical dose dependency of the PAC-1−EC αIIbβ3 popu-
lation. In contrast, stimulation of ADP from 0.01 to 10 μM without 
shearing increased staining of all three reporter mAbs with statisti-
cally similar trends (Fig. 5e), indicating a dose-dependent increase 
of the PAC-1+EO αIIbβ3 population.

We then used a ‘zoning’ microfluidic chamber that recapitulates 
the dBFP switch assay in a high-throughput manner. FN, A1 and an 
αIIbβ3 reporter mAb were micropatterned in three spatially adjacent 

zones (Fig. 5f). A platelet suspension was perfused first through the 
FN zone to confirm their unadherent resting state. The platelets 
then translocated on and were stimulated by the A1 zone, the length 
of which varied on different devices, providing adjustable doses of 
mechanical stimulation to platelets. Subsequently, platelets entered 
the mAb zone to report the αIIbβ3 status. The number of captured 
platelets on MBC370.2 initially increased with the A1 zone length 
and plateaued at 400 µm, whereas platelet capturing on SZ22 was  
uniformly high and on AP5 and PAC-1 uniformly low (Fig. 5g).  
In contrast, adhesion of ADP-stimulated platelets in a single-zone 
flow chamber to surfaces coated with MBC370.2, AP5 or PAC-1, 
but not SZ22, all increased dose-dependently (Fig. 5h).

The above three assays consistently demonstrated distinctive 
dose dependencies of αIIbβ3 activation on mechanical and chemi-
cal stimuli: GPIbα mechanosignalling only upregulated αIIbβ3 to the 
intermediate state, whereas ADP evoked the emergence of active 
αIIbβ3 even at low doses. These different activation outcomes indi-
cate distinct underlying signalling mechanisms.

Distinct signals following mechanical and chemical stimulations. 
The distinction in signalling mechanisms was further demonstrated 
by fBFP13, showing distinctive intraplatelet Ca2+ patterns (transient 
versus sustained) in A1- and ADP-stimulated platelets (Fig. 5i)5,6. 
Importantly, ADP- but not A1-triggered Ca2+ was suppressed by 
EGTA (Fig. 5i–k), demonstrating different sources of Ca2+: extra-
cellular Ca2+ influx was involved during ADP stimulation, whereas 
A1 stimulation only triggered internal storage release5,6.

From intermediate state to mechanical affinity maturation. We 
used the dBFP to study the interplay of integrin inside-out and 
outside-in signalling. After a >2-s A1 lifetime event, we measured 
post-switch αIIbβ3–FN and αIIbβ3–Fg binding over a prolonged time, 
which exerted repetitive intermittent mechanical stimulations to 
the integrins and monitored their binding changes concurrently. 
Remarkably, the binding frequency displayed a sigmoidal time 
course, with the corresponding <AcKa> plateauing at a level similar 
to that of ADP-stimulated platelets (Fig. 6a–c), suggesting integ-
rin affinity maturation. This gradual elevation of integrin activity 
was not due to a delayed response to GPIbα mechanosignalling, 
because prolonging the A1-to-FN switch time interval yielded 
a gradual decay in the integrin activity (Supplementary Fig. 8a). 
Repeated pulling on integrins also triggered strong and sustained 
intraplatelet platelet Ca2+ (Fig. 6d–f), the onset of which preceded 
integrin affinity maturation (Fig. 6a). No binding increase was 
observed when extracellular Ca2+ was chelated to eliminate Ca2+ 
influx (Fig. 6d–f) or when the platelet was touched continuously 
with a ligand-coated bead to allow bond formation and dissocia-
tion at zero force for 5 min but without pulling (Fig. 6a,b). These 
data indicate that the affinity maturation requires both force on 
αIIbβ3 and extracellular Ca2+ influx5,6 and rule out the contribution 
of ligand ‘priming’-induced integrin activation, which requires nei-
ther force nor cellular signalling17,49. The requirement of sequential 
GPIbα and αIIbβ3 mechanosignalling underscores the mechanical 
nature of this affinity maturation process. The results also reveal 
the transient nature of the intermediate state in the absence of suf-
ficient stimulation.

Both the initial FN binding and its subsequent elevation over 
repetitive touches were suppressed by pre-treating platelets with 
BAPTA-AM, prolonging the A1-to-FN switch time interval or 
shortening the A1 lifetime (Fig. 6a and Supplementary Fig. 8). 
Without A1 pre-stimulation, αIIbβ3 remained at the low activity 
level indicative of the resting state (Fig. 6a–c) and did not trigger 
any Ca2+ above the baseline throughout the repetitive FN touches  
(Fig. 6d–f). These data indicate that the GPIbα mechanosignalling 
that upregulates αIIbβ3 to the intermediate state is a prerequisite for 
its mechanical affinity maturation.
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To measure the αIIbβ3 lifetimes and molecular stiffness after 
mechanical affinity maturation (>100 cycles), the contact time 
was shortened to 0.1 s to lower the adhesion frequency to ~20% 
(cf. Supplementary Fig. 9a). The lifetime curves were compa-
rable to those of ADP-stimulated platelets (Fig. 6g,h); however, 
70.7% and 18.5% of the bonds displayed stiffness values match-
ing EC and EO αIIbβ3 (Fig. 6i and Supplementary Table 1). These 
indicate that after mechanical affinity maturation, intermediate 

state αIIbβ3 still dominates ligand binding, yet a small fraction of 
integrins adopt the active state to prolong bond lifetimes. Such 
a composition of αIIbβ3 conformers should represent most of the 
platelets in biomechanical platelet aggregates (Fig. 1c), where 
both GPIbα and αIIbβ3 are engaged with ligands. Without extra-
cellular Ca2+ or A1 pre-stimulation, the αIIbβ3 either returned to 
the inactive state or remained inactive despite repetitive ligand 
pulling (Fig. 6g,h,j,k).
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Discussion
Our findings regarding the conformation–function relationship 
of integrin can be summarized in a model of αIIbβ3 activation and 
mechanosensing as related to platelet aggregation (Supplementary 
Fig. 10). On resting platelets, αIIbβ3 integrins exist in the inactive 
state, incapable of supporting platelet aggregation. During the 
biomechanical thrombus development, GPIbα mechanosignalling 
induces transient intracellular Ca2+ release and upregulates a large 
fraction of αIIbβ3 integrins to the intermediate state; subsequently, 
outside-in mechanosignalling of the intermediate state αIIbβ3 trig-
gers sustained extracellular Ca2+ influx and promotes some of the 
integrins to the active state17,50. In contrast, in the biochemical 
thrombus formation, ADP and thrombin trigger sustained Ca2+ and 
upregulate αIIbβ3 mainly to the active state. Both intermediate and 
active state integrins have elevated affinities and prolonged bond 
lifetimes, thereby reinforcing thrombus growth. Future studies are 
required to further elucidate the signalling pathways that underlie 
αIIbβ3 biomechanical and biochemical activation.

Due to the lack of relayed coupling between the αI-βI domains, 
αI-absent integrins were hypothesized to be unable to have a higher 
affinity in the EC than BC conformation18,24. We observed sustained 
expression of EC αIIbβ3 on live platelets that displayed intermedi-
ate affinity and bond lifetimes, demonstrating that EC αIIbβ3 is 
not merely a functionally ‘inert’ state on the path of transitioning 
towards the EO conformation17,23,50. Interestingly, PAC-1 does not 
report αIIbβ3 intermediate activation (Supplementary Note 2).

Integrin affinity maturation describes the progression of integrin 
activation from the low to high affinity state. We have shown that, 
without forming a cluster of integrin–ligand bonds (for example, 
in focal adhesions), repetitive and intermittent ramp forces on sin-
gle intermediate (but not inactive) state αIIbβ3 trigger mechanical 
outside-in signalling, resulting in affinity maturation. This extends 
our understanding of integrin-mediated mechanosensing51–54. The 
sequential GPIbα and αIIbβ3 mechanosignalling defines a mechani-
cal pathway of integrin affinity maturation, where the integrin 
binding propensity increases with a continuing mechanical stimu-
lation, which is different from the biochemical activation of αIIbβ3 by 
soluble agonists and also from the reported affinity maturation in 
integrin αLβ2 on T lymphocytes produced by combined soluble ago-
nist stimulation and immobilized-ligand binding55. Our data also 
suggest an ‘on/off ’ switch of αIIbβ3 outside-in signalling: it will be 
switched ‘on’ only after αIIbβ3 adopts the intermediate state; other-
wise, it remains ‘off ’.

Biomechanical platelet thrombi formed in stenosed blood ves-
sels were observed in multiple arterial injury models under dis-
turbed blood flow8, primarily governed by the GPIbα–αIIbβ3 axis5,6,19. 
Considering the importance of mechanosignalling in varied stages 
of thrombus development (Supplementary Note 3), our findings that 
biomechanical thrombus growth is mainly mediated by intermediate 
state αIIbβ3 triggered by a biomechanical activation pathway will prob-
ably guide the future development of new anti-thrombotic strategies.

Online content
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summaries, source data, statements of data availability and asso-
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Methods
Proteins, antibodies and reagents. Biotinylated FN was obtained from A. Garcia 
(Georgia Tech). Recombinant monomeric and dimeric VWF 1208-A1 (residues 
A0742-17/21)56 were from Z. Ruggeri (The Scripps Research Institute). Human 
fibrinogen was purified from freshly frozen plasma using a described method57. 
Integrilin or eptifibatide was from Millenium Pharmaceuticals. mAbs 10E5 and 
6D1 were from B. Coller (Rockefeller University), and AP5 was from P. Newman  
(BloodCenter of Wisconsin). ALMA12 was from F. Lanza (INSERM U.311),  
HIP8-FITC, PAC-1 and an isotype control (H57 anti-mouse TCRβ) from BD 
Biosciences, LM609, ab62 (LIBS-2) and P1D6 from EMD Millipore, TS2/16 and 
unlabelled HIP8 from Thermo Fisher Scientific, SZ22 from Beckman Coulter, 
MBC319.4 and MBC370.227,58 from Kerafast, PAC-1-Alexa647 from BioLegend, 
Abciximab (c7E3 Fab) from Eli Lilly, HFN 7.1 from Abcam, 1D6 from Santa Cruz 
Biotechnology and PE-conjugated polyclonal anti-mouse antibody from eBioscience. 
Conjugation of some mAbs with Alexa488 or Alexa647 was done using a Zenon 
Labeling Kit following the manufacturer’s instructions (Thermo Fisher Scientific).

Thrombin receptor activator peptide (TRAP-6; SFLLRN, 4017752) was 
obtained from Bachem. Hirudin (Refludan) was from Pharmion/Celgene. 
Fura2-AM was from Thermo Fisher Scientific. ADP, thrombin, nystatin, 
streptavidin-maleimide (SA-MAL), dimethyl sulfoxide, apyrase, theophylline, 
clexane and BSA were from Sigma-Aldrich. MAL-PEG3500-NHS and  
biotin-PEG3500-NHS were from JenKem. Borosilicate glass beads were from 
Distrilab Particle Technology. All other reagents were from Sigma-Aldrich  
unless stated otherwise.

Blood collection and platelet isolation and preparation. All procedures involving 
the collection of blood from healthy donors were approved by the University of 
Sydney Human Research Ethics Committee (HREC, project 2014/244) and the  
Institutional Review Board of the Georgia Institute of Technology (protocol  
no. H12354). All human donor blood samples were obtained with written informed  
consent. Blood was slowly drawn from the vein of a healthy volunteer. For whole 
blood perfusion studies, blood was anticoagulated with hirudin (800 U ml−1). For 
platelet isolation, blood was drawn to fill a 3 ml syringe preloaded with 0.43 ml 
7×ACD buffer (85 mM sodium citrate, 72.9 mM citric acid anhidrous, 110 mM 
d-glucose and 70 mM theophylline, pH 4.6). Whole blood was transferred into a 
15 ml tube pre-loaded with apyrase (0.005 U ml−1) and clexane (20 U ml−1). After 
resting for 15 min at 37 °C, whole blood was centrifuged at 200g for 10 min without 
brake. Platelet-rich plasma was extracted, allowed to rest for 10 min at 37 °C, and 
centrifuged at 1,700g for another 5 min. The platelet pellet was resuspended in 
platelet washing buffer (4.3 mM K2HPO4, 4.3 mM Na2HPO4, 24.3 mM NaH2PO4, 
113 mM NaCl, 5.5 mM d-glucose, 10 mM theophylline and 1% BSA, pH 6.5) pre-
added with clexane (20 U ml−1) and apyrase (0.01 U ml−1), rested for 10 min and 
centrifuged again at 1,500g for 5 min. The platelet pellet was resuspended into 
Hepes-Tyrode buffer (134 mM NaCl, 12 mM NaHCO3, 2.9 mM KCl, 0.34 mM 
sodium phosphate monobasic, 5 mM HEPES and 5 mM glucose, 1% BSA, pH 7.4) 
pre-added with apyrase (0.02 U ml−1) with a platelet count of 3 × 108 ml−1, read 
from a Sysmex KX-21N haematology analyser, and placed in a 37 °C water bath 
for 30 min before use. For activation by ADP or thrombin in BFP or flow chamber 
experiments, the platelet suspension was incubated with ADP or thrombin for 
15 min before experiment.

Whole blood perfusion through stenosis microfluidic channels. A PDMS 
microfluidic channel incorporating a 85° degree fixed micro-contraction geometry 
(Fig. 1b) was designed to mimic haemodynamics in vivo with severe stenosis 
(80%) as previously described8,25,59. This geometry exposes platelets to well-defined 
spatial shear gradients that induce aggregation. The dimensions of the channel in 
its straight section are 100 μm (width) × 130 μm (height).

Hirudinated (800 U ml−1) whole blood was first incubated with the 
conformation-independent mAb (SZ22-Alexa488) and an αIIbβ3 reporter Ab 
(MBC370.2-, AP5- or PAC-1-Alexa647, 1 μg ml−1) for 10 min, then perfused 
through the bare PDMS microfluidic channel for 10 min. A flow rate of 16 μl min−1 
was chosen to produce a bulk shear rate of 1,800 s−1 to mimic the blood flow in 
small arteries/arterioles8. Blood was introduced via a 200 μl reservoir cut into 
the PDMS block at the channel inlet, and flow was induced with a single syringe 
connected to the outlet and withdrawn by a PHD ULTRA pump (Harvard 
Apparatus). Platelet aggregation was monitored with combined dual-colour 
confocal microscopy with concurrent DIC imaging (Nikon A1R confocal 
microscope with a ×40 objective). Fluorescent images were captured using 
NIS software, version 4 (Nikon). Blood flow was observed within a focal plane 
approximately 30 μm above the coverslip bottom of the channels. Fluorescently 
labelled platelet aggregates were quantitatively analysed on a frame-by-frame basis 
off-line using ImageJ 1.50a (Fiji). To determine the region of global and activated 
platelet aggregates, the SZ22-Alexa488 and MBC370.2-Alexa647 channels were 
subject to respective intensity thresholding. To quantitate the integrin activation 
status, the staining intensities of SZ22, MBC319.4, MBC370.2, AP5 or PAC-1 in the 
647 channel were measured in the same SZ22 thresholded region to calculate the 
intensity ratio.

To isolate the mechanical effects of blood flow from agonist-induced platelet 
activation, we performed experiments involving mechanical stimulations in 

the presence of the canonical platelet ALBs as previously described8,25: apyrase 
(1 U ml−1), MRS2179 (100 mM) and 2-MeSAMP (10 mM) to block ADP; 
indomethacin (10 µM) to block TXA2 and hirudin (800 U ml−1 to block thrombin. 
To investigate the agonist-induced platelet activation, ADP (50 µM) or TRAP 
(500 µM) was injected to the microfluidic channel after 5 min perfusion of 
untreated whole blood.

In certain experiments, ALAM12 mAb (50 μg ml−1) or Abciximab (20 μg ml−1) 
was added to block platelet GPIbα or αIIbβ3 bindings, respectively.

Red blood cell and glass bead preparation for BFP experiments. Blood 
collections followed the protocol approved by the Institutional Review Board of the 
Georgia Institute of Technology after written informed consent was obtained from 
subjects. Samples (8–10 μl) of human blood were collected from finger prick and 
centrifuged to isolate red blood cells (RBCs). RBCs were biotinylated by incubating 
with biotin-PEG3500-NHS (JenKem) solution60 and partially swollen for BFP 
assembly by incubation with nystatin (Sigma-Aldrich).

The protocol for bead functionalization has been described elsewhere60.  
Glass beads (Distrilab Particle Technology) were first thiolated. To make FN  
beads, the thiolated glass beads were incubated first with SA-MAL overnight,  
then biotinylated FN for 3 h. The 0.1×, 3×, 20× and 100× FN beads were made  
by adjusting the FN incubation concentration to 0.1-fold, 3-fold, 20-fold or  
100-fold, respectively. To make Fg, mA1, LIBS-2, HIP8, PAC-1 or AP5 beads, the 
protein was first mixed and incubated with MAL-PEG3500-NHS (JenKem) for 
30 min (refs. 31,61). The mixture was then incubated with the thiolated glass beads 
overnight. Beads were washed with and resuspended in phosphate buffer (27.6 g l−1 
NaH2PO4·H2O, 28.4 g l−1 Na2HPO4).

BFP set-ups, experiment modes and related assays. Our first-generation BFP set-
up and operation are described in ref. 60. Briefly, in an experimental chamber filled 
with Hepes-Tyrode buffer, a biotinylated RBC was aspirated by a micropipette with 
a probe bead attached to its apex via a SA–biotin interaction, which forms a force 
transducer (Fig. 2a,b). The bead was functionalized with proteins of interest to 
interact with the receptors on the platelet aspirated by an opposing micropipette 
(Fig. 2a,b), which was driven by a piezoelectric translator (Physik Instrumente) to 
move with nanometre resolution. The horizontal position of the probe bead was 
tracked by a high-speed camera, which reflected the RBC axial deformation and, 
by calculation, the platelet–bead force. The BFP spring constant k, determined 
using Evans’ model62, was set to 0.3 or 0.25 pN nm−1 for clamping forces higher 
or lower than 10 pN, respectively, by adjusting the aspirating pressure based 
on the measured diameters of the micropipette, spherical portion of the RBC 
and RBC–bead contact area. Experimental data were collected and analysed by 
LabView (National Instruments). In the experimental chamber, 1 mM Ca2+/Mg2+ 
or 1 mM Mg2+/EGTA was added to provide or eliminate extracellular Ca2+ while 
maintaining integrin binding capability. In some experiments, ADP, thrombin or 
0.5 mM Mn2+ was added to activate the platelet integrins. For experiments that 
did not activate the platelets, apyrase with a final concentration of 0.02 U ml−1 was 
added into the experimental chamber to chelate ADP released from the platelets.

Force-clamp mode and bond lifetime assay. Force-clamp mode was used to measure 
single receptor–ligand bond lifetimes under a range of constant forces. The probe 
bead ligand coating density was adjusted to keep the adhesion infrequent (<20%) 
to satisfy the necessary condition for most of the adhesions (>89%) to be single 
bond events63. The platelet was driven to contact and impinge the probe bead, and 
then retracted at 3 µm s−1. When binding was detected during retraction, the target 
pipette was held at a preset force to wait for bond dissociation, and returned to the 
original position to start the next cycle (Supplementary Fig. 5a, trace 3). Lifetime 
was defined as the duration of the clamping phase before bond dissociation. 
Lifetime data were binned according to the clamp forces. The forces and lifetimes 
in each bin were then averaged to plot the lifetime versus force curve.

In most platelet–FN lifetime measurements, FN was captured via its C-terminal 
biotin by wild-type (WT) tetravalent SA onto the BFP bead64. To exclude the 
possibility of multimeric bonds between up to four FN molecules captured by 
one SA and potential αIIbβ3 clusters, mutant monovalent SA was used in some 
experiments as a control64, which resulted in indistinguishable αIIbβ3–FN bond 
lifetimes under A1- and ADP-stimulated conditions (Fig. 4a). Because the higher 
the bond number the longer the lifetime45, the data indicate that the multimeric-
bond effect was negligible using the WT SA.

Force-ramp mode and adhesion frequency assay. Force-ramp mode was used to 
detect the occurrence of adhesions at the end of a preset contact time for adhesion 
frequency assay, which allows for measurement of 2D receptor–ligand binding 
kinetics36. In a test cycle, the platelet approached and contacted the probe bead 
and retracted. A tensile force signal following retraction reported an adhesion 
event (Supplementary Fig. 5a, trace 2) between the platelet and the bead, while 
the compressive force directly returning to zero indicated a no-adhesion event 
(Supplementary Fig. 5a, trace 1). The approach–contact–retraction cycle was 
repeated 30 times for three cell–bead pairs. The numbers of no-adhesion and 
adhesion events were enumerated to render a mean ± s.e.m. of adhesion frequency 
(Pa). Adhesion frequencies measured over a range of contact times contain 
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information on both binding affinity and kinetics, whereas those measured for 
sufficiently long contact time (5 s) contain affinity information as bond formation 
and dissociation have reached a dynamic equilibrium36. The 5 s contact time was 
used to measure integrin–ligand binding affinities (Figs. 3 and 6b).

Dual BFP switch assay. The switch assay uses the dBFP to analyse the crosstalk 
between cell surface receptors, as recently described9,20. The dBFP set-up has two 
probes on one side for the same platelet to contact sequentially. The platelet was 
first aligned to probe I coated with VWF A1 (Fig. 2a) and tested by repeated cycles 
in force-clamp mode at 25 pN. Once a lifetime event of any duration (Fig. 5b,c) 
or >2 s was observed, the platelet-aspirating micropipette was manually switched 
(duration within <30 s or as specified) to align with probe II coated with FN, Fg 
or an anti-αIIbβ3 mAb (Fig. 2b) depending on whether the experimental objective 
was to measure ligand binding or conformation or the activation state of αIIbβ3. The 
force-ramp or -clamp mode was used depending on whether the desired type of 
assay was adhesion frequency or bond lifetime.

Fluorescence BFP assay for concurrent intracellular Ca2+ imaging. We used fBFP 
to quantify the intraplatelet Ca2+ level induced by GPIbα mechanosignalling or 
agonist receptor signalling, as previously described13,65. All results were obtained 
from n ≥ 3 independent experiments in duplicates.

We pre-incubated platelets with Fura2-AM and analysed one platelet at a 
time by concurrent force spectroscopy and Ca2+ imaging for a continuous period 
of 200 s. The force spectroscopic assays were done in either force-ramp or force-
clamp mode using either a single force probe or dual force probes20. Calcium 
was measured using ratiometric imaging with a light source that alternates two 
excitation wavelengths, 340 and 380 nm, to excite Ca2+-bound and Ca2+-free Fura2, 
respectively. The two emission lights were captured by a fluorescence camera13,65. 
The real-time intracellular Ca2+ level over the 200 s observation time was 
quantified by the ratio of the emissions excited by the 340 and 380 nm channels 
collected by the software Micromanager (version 1.4), which was normalized by 
the initial value.

The Ca2+ time curve was quantified by two parameters: maximum Ca2+ 
intensity increase (ΔImax) and area-under-curve (AUC). ΔImax was defined as the 
maximal amplitude of the signal elevation over the 200 s observation time. AUC 
was calculated as the total area of the signal elevation of the ‘normalized Ca2+ 
intensity versus time’ curve (for example, Figs. 5i and 6d) divided by 200 s (ref. 65).

Molecular stiffness measurement. As previously described35, the stiffness of a 
single integrin–ligand complex was measured by the stretch method using the 
ramp phase data of the BFP experiment (Supplementary Fig. 5a). The force versus 
time data were transformed using the displacement versus time data, which were 
read from the capacitive strain sensor of the piezoelectric translator that drove 
the platelet-holding micropipette. The resulting force versus displacement data 
were fit to two line segments with a kink at the zero force point (Supplementary 
Fig. 9b). The slope of the compressive segment (force < 0) reflects the stiffness 
of the platelet, denoted by a spring constant kplt (Supplementary Fig. 9c). The 
slope of the tensile segment (force > 0) reflects the stiffness of the platelet and the 
ligand–ligand complex in series, denoted by an equivalent spring constant keq. 
The molecular stiffness, denoted by a spring constant kmol, can be calculated as 
kmol = (1/keq − 1/kplt)−1 (Supplementary Fig. 9c). The kmol value mainly reflects the 
integrin stiffness as the contribution from FN is negligible.

To measure integrin stiffness, probe II of dBFP was coated with FN with a 
titrated density to ensure infrequent adhesion (≤20%) under each condition. 
To measure the stiffness of αIIbβ3, mAb LM609 was added to block αVβ3 binding. 
To measure the stiffness of αVβ3, mAb 10E5 was added to block αIIbβ3 binding. 
In control experiments, integrilin was added to test binding specificity, which 
eliminated almost all adhesion events under all conditions, indicating no 
contribution from α5β1 binding.

Similar to the control experiments performed for lifetime measurements, to 
exclude the possibility of multimeric bonds between up to four FN molecules 
captured by SA and potential αIIbβ3 clusters, molecular stiffness was also 
measured with mutant monovalent SA, which rendered no significant difference 
(Supplementary Fig. 9d). This again indicated that the multimeric-bond effect was 
negligible using the WT SA.

Molecular site density measurement. We used flow cytometry to measure the 
receptor and ligand site densities on platelets and BFP beads, respectively, as 
previously described36. Platelets were incubated with an FITC-conjugated HIP8 at 
10 μg ml−1 at room temperature for 30 min for αIIbβ3 site density (mr) measurements, 
or incubated first with LM609 at 10 μg ml−1 for 30 min and then PE-conjugated 
anti-mouse antibody for 30 min for αVβ3 mr measurements. The mr values were 
measured using conformation-independent mAbs, hence including all conformers. 
The FN- and Fg-coated beads were incubated first with HFN 7.1 and 1D6 (Santa 
Cruz Biotechnology), respectively, and then with a PE-conjugated polyclonal anti-
mouse antibody. The fluorescent intensities of the cells or beads were measured 
using a BD LSR flow cytometer (BD Biosciences) and compared to standard 
calibration beads (Bangs Laboratories) to determine the number of molecules per 
cell/bead. The site density was calculated by dividing the total number of molecules 

per cell/bead by the cell/bead surface area36, which was calculated from the radii 
measured with a customized Labview (National Instrument) program.

Calculation of average affinity. For biomolecular interaction between two 
molecular species, the equilibrium adhesion frequency can be related to the 
average number of receptor–ligand bonds by <n> = −ln(1 – Pa) = mrmlAcKa based 
on our published model36, where mr and ml are the respective site densities of 
the receptors (measured using conformation-independent mAbs) and ligands 
(measured by immunostaining and flow cytometry), Ac is the contact area and Ka 
is the affinity in µm2. However, platelets express three FN-binding integrins. Also, 
different copies of the same integrin may exist in different affinity states. Therefore, 
the average number of total bonds is <n>total = <n>1 + <n>2 + … if the concurrent 
interactions of different species are independent, where <n>i = mr,iml,iAcKa,i is the 
average number of bonds of the ith molecular species expressed in terms of their 
site densities and affinity66. For example, the αIIbβ3 site density mr on ADP-activated 
platelets included three fractions (fi = mr,i/mr, i = 1–3) with low (Ka,1), intermediate 
(Ka,2) and high (Ka,3) affinities for FN, coated on the BFP bead at site density ml. 
The adhesion frequency assay measures an average affinity that is equal to the sum 
of the three affinities weighted by the three αIIbβ3 fractions:
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Note that, when calculating <n> (Fig. 3b) and <AcKa> (Fig. 3c,f), binding of the FN 
beads used in Fig. 3a was too low under certain conditions, which could overestimate 
the results. To allow accurate calculation, we repeated the experiments using 
beads with a higher FN coating density (3× FN beads) to ensure that the adhesion 
frequency would reach a reasonable level (~20%) and contain mostly specific binding.

Cone-and-plate shear assay. Isolated human platelets in Tyrode buffer 
(50 × 106 ml−1) were gently incubated with dA1 (2 μg ml−1) and the desired αIIbβ3 
conformation reporter mAbs (1 μg ml−1) at 37 °C for 10 min, then transferred to 
the stationary plate surface of a Kinexus Ultra+ rheometer (Malvern Instruments). 
Shear rates were varied from 0 to 10,000 s−1. During shear application, platelets 
were kept under humidified conditions at 37 °C with an Active Hood Peltier Plate 
Cartridge. After shear stimulation for 5 min, ~50 μl platelet mixture was collected 
and immediately analysed by flow cytometry.

Determination of agonist-stimulated integrin conformations by flow 
cytometry. Isolated platelets (50 × 106 ml−1) in 100 µl Tyrode buffer were stimulated 
with ADP (0–10 µM) for 10 min in the presence of the desired αIIbβ3 reporter 
mAbs (1 μg ml−1). Platelets were then diluted 10 times to stop the reaction and 
immediately analysed by flow cytometry. The percentage of positive population 
and fluorescent intensities (Geomean) were analysed using FlowJo software 
(FlowJo LLC). By default, the gate was set around the 2% position in the 
fluorescence intensity histogram of the corresponding isotype control.

Parallel flow chamber experiments using microfluidic devices. Single-zone  
set-up. Microfluidic devices were uniformly coated with a solution of one or a 
mixture of two proteins (A1 and/or FN, 100 μg ml−1 each) for 1 h. The coated area is 
named the ‘reporting’ zone.

Multi-zone set-up. The multi-zone device separated the ligand interaction with 
platelet GPIbα and integrin αIIbβ3 in space and time. In the devices, the flow 
chamber floor was divided into multiple functional zones, which were fabricated 
to register sequentially67. Platelets were perfused at 4 dynes cm−2 to sequentially 
encounter each zone with spatiotemporal control, including zones A, B and C 
(Fig. 5d). Coating of the three zones was nearly seamless, leaving no gap between 
adjacent zones. Zone A was 800 μm long and coated with 100 μg ml−1 FN for 1 h. 
Zone B had a variable length of 50–800 μm and was coated with 100 μg ml−1 A1 for 
1 h. Zone C was 800 μm long and was coated with 100 μg ml−1 of one of the αIIbβ3 
reporter mAbs for 1 h.

Experiment procedure. Washed platelets (1 × 108 ml−1) were perfused through 
the devices, and the number of adherent platelets per unit area in the reporting 
zone was counted on two random fields of view after 2 min of continuous flow. 
Each condition was repeated in three devices for each sample. For conditions that 
required ADP activation, the platelet suspension was pre-incubated with ADP 
of varying concentrations (0.01, 0.1, 1 and 10 μM) for 15 min before perfusing 
through the devices.

Statistical analysis. For most experiments, statistical significance was assessed by 
two-tailed Student’s t-test (statistics are summarized in Supplementary Table 2).

For comparisons of the goodness of fit between single-, dual- and triple-
Gaussian fits for the stiffness histograms, the extra sum-of-squares F test 
(Supplementary Table 1a) and Akaike’s information criteria (Supplementary  
Table 1b) were used.
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To test the signal–dose dependencies in Fig. 5, we first performed an ANOVA 
to examine the difference among signals corresponding to different doses of the 
biomechanical or biochemical treatment (Supplementary Table 3a). When the 
ANOVA showed a significant difference, Kendall’s rank correlation68 was used to 
test the positive dependency between signal and dose (Supplementary Table 3b), 
which has an advantage over Pearson’s correlation in that it does not assume the 
curves to be linearly fitted.

To test whether the curves of MBC370, PAC-1 and AP5 in Fig. 5e,h (right) 
follow the same trend, the Chow test69 was used to examine whether the curves 
adopt different linear regression models (Supplementary Table 3b). Due to the 
limited number of doses, more complicated statistical comparisons not assuming 
linear regression were not favoured for use in these cases.

Reporting summary. Further information on experimental design is available in 
the Reporting Summary.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main 
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n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND 
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars 
State explicitly what error bars represent (e.g. SD, SE, CI)

Our web collection on statistics for biologists may be useful.

Software and code
Policy information about availability of computer code

Data collection Fluorescent images in the hump flow chamber experiments were captured using NIS software, Version 4 (Nikon, Japan). NI Labview 2009 
(National Instrument) was used to collect the BFP results. ImageJ V1.48 (National Institutes of Health) was used to collect the parallel 
flow chamber data. Micromanager software Version 1.4 was used to collect the BFP calcium imaging data.

Data analysis GraphPad Prism 6 was used for data plotting and some of the statistical analysis. All microfluidic flow chamber experiments were 
quantitatively analyzed using ImageJ 1.50a (Fiji, National Institutes of Health). NI Labview 2009 was used to analyze the BFP results. 
Matlab 2012a was used to analyze the fBFP calcium imaging data. FlowJo software (V10; FlowJo LLC) was used to analyze the FACS 
results.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The data that support the findings of this study are available from the corresponding author on reasonable request.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size was pre-calculated. For all experiments, we ensured that each condition was repeated with platelet samples from ≥3 different 
healthy donors. However, this does not represent the sample size of the experiment results. For adhesion frequency experiments, ≥3 cells 
from each sample were tested, and each cell-bead pair were contacted for 30 times (or more for certain results in Fig. 6) to derive one 
adhesion frequency value. For spring constant data, at least 150 data points were collected for each condition to derive a robust distribution. 
Our bond lifetime sample size was based on the pool data from BFP experiments; each force bin contained at least 50 data points, ensuring 
that the derived mean and variance were statistically robust. For fBFP Ca2+ signaling experiments, ≥3 cells from each sample were tested. For 
flow chamber experiments, each result point was an average/count of over 100 cells. For flow cytometry, each result represented the average 
of 10,000 cells/beads.

Data exclusions For single-bond lifetime measurements, we excluded lifetime events that have significant force drift as an occasional result of hardware 
control failure, and those that contained obvious signatures of multiple bond rupture (Chen. et al, Force regulated conformational change of 
integrin αVβ3. Matrix Biology 60-61:70-85, 2017).

Replication All attempts at replication were successful. The main conclusion is supported by three lines of experimental evidences between two labs. 

Randomization All samples were randomly allocated into different groups based on a simply alternating mechanism, taking advantage of the total 
randomization of the subject recruitment.

Blinding The experimentalists were blind to the donors' identity when possible.

Reporting for specific materials, systems and methods

Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used AP5, mouse anti-human monoclonal, Kerafast  Catalog No. EBW107; final concentration for beads coating: 6 ug/ml. 

MBC319.4, mouse anti0human monoclonal, Kerafast Catalog No. EBW108; final concentration for beads coating: 2.5 ug/ml. 
c7E3, mouse anti-human  monoclonal Fab (abciximab®, Eli Lilly, Indianapolis, IN); final concentration in use: 20 nM. 
ALMA12, mouse anti-human monoclonal, a gift from François Lanza (INSERM U.311, Strasbourg, France).  



3

nature research  |  reporting sum
m

ary
April 2018

HIP8-FITC, mouse anti-human monoclonal, BD Biosciences, Catalog No. 555466. 
PAC-1, mouse anti-human monoclonal, BD Biosciences, Catalog No. 340535; final concentration for beads coating: 2.5 ug/ml. 
H57, hamster anti-mouse monoclonal, BD Biosciences, Catalog No. 562839; final concentration in use: 100 nM. 
LM609, mouse anti-human monoclonal, EMD Millipore, Catalog No. MAB1976; final concentration in use: 200 nM. 
10E5, mouse anti-human monoclonal, was a gift from Barry Coller (Rockefeller University, New York, NY);  final concentration in 
use: 200 nM. 
6D1, mouse anti-human monoclonal, was a gift from Barry Coller (Rockefeller University, New York, NY); final concentration in 
use: 100 nM. 
ab62 (LIBS-2), mouse anti-human monoclonal, EMD Millipore, Catalog No. MABT27; final concentration for beads coating: 2.5 
ug/ml. 
HIP8, mouse anti-human monoclonal, Thermo Fisher Scientific, Catalog No. MA1-19381; ; final concentration for beads coating: 
2.5 ug/ml. 
SZ22, mouse anti-human monoclonal, Beckman Coulter, Catalog No. IM1756U; ; final concentration for beads coating: 2.5 ug/ml. 
MBC370.2, mouse anti-human monoclonal, Kerafast, Catalog No. EBW104; final concentration for beads coating: 2.5 ug/ml. 
Alexa 647-PAC-1, mouse anti-human monoclonal, BioLegend, Catalog No. 362805. 
HFN 7.1, mouse anti-human monoclonal, Abcam, Catalog No. ab212371; final concentration in use: 20 nM. 
1D6, mouse anti-human monoclonal, Santa Cruz,  Catalog No. sc-57508; final concentration in use: 20 nM. 
PE-conjugated polyclonal goat anti-mouse antibody, eBioscience, Catalog No. 12-4010-82.

Validation AP5 is against human integrin beta 3 in the hybrid domain swing-out form. 
Validation: 1. The following paper reported a correlation of hybrid domain swing-out with the staining of AP5: Cheng, M., Li, J., 
Negri, A. & Coller, B. S. Swing-out of the beta3 hybrid domain is required for alphaIIbbeta3 priming and normal cytoskeletal 
reorganization, but not adhesion to immobilized fibrinogen. PloS one 8, 699 e81609, doi:10.1371/journal.pone.0081609 (2013). 
2. In our data, AP5 binding was positive only after platelets are stimulated by ADP, which induces the expression of high-affinity 
active alphaIIbbeta3 integrins, but not GPIb mechano-signaling. 
 
c7E3, or abciximab, is the human platelet integrin alpha IIb beta 3 antagonist, the Fab fragment of the mouse anti-human 
chimeric monoclonal antibody. 
Validation: 1. Clinical name of c7E3 is ReoPro™, which was approved for human use in the United States in Dec 1994. See the 
webpage below for details: https://www.rxlist.com/reopro-drug.htm 
2. The following paper describes the inhibitory effect of c7E3 on platelet integrin alpha IIb beta 3: Coller BS. Platelet GPIIb/IIIa 
antagonists: the first anti-integrin receptor therapeutics. J Clin Invest. 1997;99(7):1467-71. 
3. In our data, platelet mechanical aggregation in the stenosed flow chamber was greatly inhibited by the addition of abciximab 
(Fig. 1h). 
 
HIP8 (including HIP8-FITC) is against human integrin alpha IIb.  
Validation: 1. Manufacture website: http://www.bdbiosciences.com/eu/reagents/research/antibodies-buffers/immunology-
reagents/anti-human-antibodies/cell-surface-antigens/fitc-mouse-anti-human-cd41a-hip8/p/555466 
2. Its use in the site density measurement was validated by a isotype control H57 (against mouse TCR β Chain). 
2. Its binding performance to platelets showed consistency with another alpha IIb beta 3 conformation-independent antibody 
SZ22 (Fig. 2c). 
 
PAC-1 is against human integrin alpha IIb beta 3 in the activated form.  
Validation: 1. Manufacture website: http://www.bdbiosciences.com/eu/reagents/research/clinical-research---ruo-gmp/purified-
antibodies/purified-mouse-anti-human-pac-1-pac-1/p/340535 
2. The following paper describes the use of PAC-1 to detect activated integrin alpha IIb beta 3: Shattil SJ, Hoxie JA, Cunningham 
M, Brass LF. Changes in the platelet membrane glycoprotein IIb.IIIa complex during platelet activation. J Biol Chem 
1985;260:11107–11114. 
3. In our data, PAC-1 binding was positive only after platelets are stimulated by ADP, which induces the expression of high-
affinity active alphaIIbbeta3 integrins, but not GPIb mechano-signaling (Fig. 1e, 2c,d). 
 
H57 is against mouse TCR β Chain.  
Validation: Manufacture website: http://www.bdbiosciences.com/eu/reagents/research/antibodies-buffers/immunology-
reagents/anti-mouse-antibodies/cell-surface-antigens/bv421-hamster-anti-mouse-tcr-chain-h57-597/p/562839 
 
LM609 is against human integrin alpha V beta 3.  
Validation: 1. http://www.emdmillipore.com/US/en/product/Anti-Integrin-V3-Antibody-clone-LM609,MM_NF-MAB1976?
ReferrerURL=https%3A%2F%2Fwww.google.com%2F 
2. In our data, its blockage of alpha V beta 3 was cross-validated by the use of another antibody 10E5 that blocks integrin alpha 
IIb beta 3. The average number of bonds formed between platelets and FN or Fg when using LM609 plus those when use 10E5 
equals those formed in the absence of either, confirming that the bonds were formed by both alpha V beta 3 and alpha IIb beta 
3  (Fig. 3b,e). 
 
10E5 is against human integrin alpha IIb beta 3 as a blocking antibody. 
Validation: 1. Mitchell, W. B. et al. Mapping early conformational changes in alphaIIb and beta3 during biogenesis reveals a 
potential mechanism for alphaIIbbeta3 adopting its bent conformation. Blood 109, 3725-3732, doi:10.1182/
blood-2006-11-058420 (2007). 
2. In our data, its blockage of alpha IIb beta 3 was validated by the fact that its addition eliminated most of the platelet adhesion 
to FN and Fg (Fig. 3b,e). 
3. In our data, its blockage of alpha IIb beta 3 was also cross-validated by the use of another antibody LM609 that blocks integrin 
alpha V beta 3. The average number of bonds formed between platelets and FN or Fg when using LM609 plus those when use 
10E5 equals those formed in the absence of either, confirming that the bonds were formed by both alpha V beta 3 and alpha IIb 
beta 3 (Fig. 3b,e). 
 
6D1 blocks the binding of human GPIb alpha to its ligand VWF-A1. 
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Validation: 1. Mekrache, M et al. Activation of pp125FAK by type 2B recombinant von Willebrand factor binding to platelet GPIb 
at a high shear rate occurs independently of alpha IIb beta 3 engagement. Blood 101: 4363-4371, doi:10.1182/
blood-2002-06-1879 (2003). 
2. In our data, 6D1 greatly suppressed GPIb-induced platelet adhesion to LIBS-2 (Fig. 2d). 
 
ab62 (LIBS-2) is against human beta 3 in the extended form.  
Validation: 1. Du, X. et al. Long range propagation of conformational changes in integrin alpha IIb beta 3. The Journal of biological 
chemistry 268, 23087-23092 (1993). 
2. In our data, the reporting of alpha IIb beta 3 extension by LIBS-2 was validated by another two alpha IIb beta 3 extension 
reporting antibodies MBC370.2 and MBC319.4, which showed consistent results in all experiments. Also, its results are 
consistent with the observation of integrin stiffness increase (Fig. 2g,f) indicative of integrin extension. 
 
SZ22 is against human alpha IIb beta 3. 
Validation: 1. Bassler, N. et al. A mechanistic model for paradoxical platelet activation by ligand-mimetic alphaIIb beta3 (GPIIb/
IIIa) antagonists. Arteriosclerosis, thrombosis, and vascular biology 27, e9-15, doi:10.1161/01.ATV.0000255307.65939.59 (2007). 
2. Its binding performance to platelets showed consistency with another alpha IIb beta 3 conformation-independent antibody 
HIP8 (Fig. 2c). 
 
MBC370.2 is against human integrin alpha IIb and is specific for calf-1 domain when the integrin is extended.  
MBC319.4 is against human integrin beta 3, and also recognizes the integrins in the extended conformation. 
Validation: 1. Zhang, C. et al. Modulation of integrin activation and signaling by alpha1/alpha1'-helix unbending at the junction. J 
Cell Sci 126, 5735-5747, doi:10.1242/jcs.137828 (2013). 
2. In our data, the reporting of alpha IIb beta 3 extension by MBC370.2, MBC319.4 and LIBS-2 was validated by one another, 
which showed consistent results in all experiments (Fig. 1e, 2c, Supp. Fig. 3b). Also, their results are consistent with the 
observation of integrin stiffness increase (Fig. 2g,f) indicative of integrin extension. 
 
HFN 7.1 is against human fibronectin. 
Validation: 1. http://www.abcam.com/fibronectin-antibody-hfn71-bsa-and-azide-free-ab212371.html 
2. Its use in the site density measurement was validated by a isotype control H57 (against mouse TCR β Chain). 
 
1D6 is against human fibrinogen. 
Validation: 1. https://www.biocompare.com/9776-Antibodies/252022-Fibrinogen-1D6/?pda=9776|252022_22_0|||Fibrinogen 
2. Its use in the site density measurement was validated by a isotype control H57 (against mouse TCR β Chain).

Human research participants
Policy information about studies involving human research participants

Population characteristics This study recruited healthy subjects of both genders, different ages (18-60) and varied races (Caucasian, Asian, African 
American), who have no bleeding-related disorders (e.g. von Willebrand’s Disease) and cardiovascular diseases histories, who 
are not currently using anti-blood clotting or anti-inflammatory medication, including nonprescription items such as aspirin or 
ibuprofen (e.g. Nurofen™, Heron Blue™) in past 3 weeks. No more than 400 mL of blood, which is the amount of blood that is 
taken by the Blood Bank during a routine blood donation, was collected from any given volunteer per visit.

Recruitment After the notice was sent out, the first volunteer that responded was always chosen as the blood donor. No bias of selection can 
be envisioned. All participants and their accompanying guardians were provided with a verbal explanation of the study. A verbal 
agreement and a signed consent form were respectively collected from the participants and accompanying guardians, stating 
that they agree for blood donation, and for the publication of the data collected using their blood. 

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Details of platelets isolation from whole blood was described in the Methods section of the paper.  
Once the platelet suspension was prepared, it was stained by FITC-conjugated HIP-8 at 10 μg mL-1 at room temperature for 30 
min and then tested by flow cytometry.  
The FN and Fg coated beads were incubated first with HFN 7.1 and 1D6, respectively, and then with a PE-conjugated polyclonal 
anti-mouse antibody. 
For integrin conformation assays, isolated platelets in Tyrode’s buffer were stimulated either by agonist or shear stress in the 
presence of Alexa 488-conjugated integrin antibodies before subject to flow cytometry. 

Instrument BD Biosciences BD LSR II; BD Accuri™ C6
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Software BD FACSDiva; FlowJo v10 (FlowJo LLC; Ashland, OR, USA).

Cell population abundance Sorting was not performed.

Gating strategy For measurements of the receptor and ligand site densities on beads and platelets, the respective population was gated at the 
>98% population in the FSC-SSC plots. For measurements of the integrin antibody intensity and population percentage,  the gate 
was set at 2% of the control right-handed edge. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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