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Abstract
Background: Blood clot contraction, volume shrinkage of the clot, is driven by 
platelet contraction and accompanied by compaction of the erythrocytes and their 
gradual shape change from biconcave to polyhedral, with the resulting cells named 
polyhedrocytes.
Objectives: Here, we examined the role of erythrocyte rigidity on clot contraction 
and erythrocyte shape transformation.
Methods: We used an optical tracking methodology that allowed us to quantify 
changes in contracting clot size over time.
Results and conclusions: Erythrocyte rigidity has been shown to be increased in sickle 
cell disease (SCD), and in our experiments erythrocytes from SCD patients were 4- fold 
stiffer than those from healthy subjects. On average, the final extent of clot contrac-
tion was reduced by 53% in the clots from the blood of patients with SCD compared to 
healthy individuals, and there was significantly less polyhedrocyte formation. To test 
if this reduction in clot contraction was due to the increase in erythrocyte rigidity, we 
used stiffening of erythrocytes via chemical cross- linking (glutaraldehyde), rigidifying 
Wrightb antibodies (Wrb), and naturally more rigid llama ovalocytes. Results revealed 
that stiffening erythrocytes result in impaired clot contraction and fewer polyhedro-
cytes. These results demonstrate the role of erythrocyte rigidity in the contraction of 
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1  |  INTRODUC TION

Clot contraction results in the volume shrinkage of blood clots and 
may play a role in processes such as hemostasis, thrombosis, and 
wound healing.1,2 The intravital shrinkage of clots and thrombi may 
have pathogenically important effects, such as modulation of local 
blood flow past a partially obstructive thrombus and changes of po-
rosity and permeability of thrombi for fibrinolytic enzymes.3 The ex-
tent of compression and densification of a thrombus can determine 
the likelihood of its mechanical rupture, potentially leading to throm-
botic embolization.4 Several clinical studies have revealed that clot 
contraction is suppressed in the blood of patients with (pro)throm-
botic conditions, such as ischemic stroke,5 venous thromboembo-
lism,4 systemic lupus erythematosus,6 miscarriage,7 and imminent 
postoperative thrombosis.8

Contractile forces in a blood clot are generated by activated 
platelets9,10 and transmitted through the fibrin network, result-
ing in the platelet- - fibrin meshwork accumulating at the periph-
ery of the clot and the erythrocytes being compacted into the 
core of the clot.1 When erythrocytes become compressed within 
the contractile platelet- fibrin envelope, they form a tessellated 
array and take on a polyhedral shape.1,11 This shape change re-
sulted in the terminology of polyhedrocytes or piezocytes,11 and 
is due to the fact that erythrocytes are highly deformable cells 
that recurrently experience reversible shape changes due to fluid 
forces while traveling through the microcirculation. The presence 
of polyhedrocytes has been observed in in vitro clots1,11 as well as 
ex vivo arterial and venous thrombi, hemostatic clots, and throm-
botic emboli from mice and humans.1,4,12,13,14 The extent and rate 
of clot contraction is inversely related to the volume fraction of 
erythrocytes, with the incorporation of more erythrocytes result-
ing in an increase in resistance to the platelet- generated contrac-
tile forces.15,16 However, it is unknown whether the mechanical 
properties or deformability of the erythrocytes modulate clot 
contraction and polyhedrocyte formation. Theoretical modeling 
of the interplay between the contractile activity of platelets and 
mechanical resilience of the mass of erythrocytes entrapped in 
a clot15 strongly suggests that qualitative changes in erythro-
cytes’ viscoelasticity can play a role in the mechanical remod-
eling of blood clots and thrombi. If this assumption is correct, it 
has important pathophysiological implications, because reduced 

erythrocyte deformability is associated with a number of patho-
logical conditions, such as hypertension, diabetes mellitus, ath-
erosclerosis, and smoking.17- 21 One of the best- known diseases 
associated with increased erythrocyte rigidity is sickle cell trait 
or sickle cell disease (SCD).22- 24 SCD is a hypercoagulable state 
that is associated with vaso- occlusive events in the microcircula-
tion and an increased risk of venous thromboembolism.25- 30

Erythrocytes contain about 27 to 31 pg/cell or 32% to 36% 
the protein hemoglobin, which is responsible for the exchange 
of oxygen and carbon dioxide between the blood and tissues.31 
Hemoglobin is made up of two α chains and two β chains; in 
SCD patients, a glutamate to valine amino acid substitution in 
the β chains causes abnormal hemoglobin S (HbS), which polym-
erizes in the deoxygenated form inside erythrocytes, resulting 
in altered (sickled) erythrocyte shape.32- 36 Hemoglobin C (HbC) 
is another abnormal hemoglobin in which glutamic acid residue 
at the sixth position of the β- chain is replaced with a lysine. In 
addition to the morphological changes, SCD leads to increased 
erythrocyte rigidity and adhesiveness.35,37 The pathological HbS 
can bind to the membrane cytoskeleton made of spectrin and 
other proteins and modify its structure and mechanical proper-
ties.38 Remarkably, altered mechanical properties of the eryth-
rocyte membrane have been found in SCD patients with a single 
mutation in each of the two β subunits in HbS (HbSS) or HbC 
(HbCC) but also in patients with different mutations in each HbS 
and HbC subunit (HbSC).23

Here, we study differences in clot contraction and polyhedro-
cyte formation between healthy donors and SCD patients, while 

blood clots and suggest that the impaired clot contraction/shrinkage in SCD is due to 
the reduced erythrocyte deformability, which may be an underappreciated mecha-
nism that aggravates obstructiveness of erythrocyte- rich (micro)thrombi in SCD.
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blood clotting, clot retractions, coagulation, sickle cell disease, thrombosis

Essentials

• Platelet- driven blood clot contraction/volume shrinkage 
can modulate obstructiveness of thrombi.

• Naturally or artificially rigidified erythrocytes reduce 
the extent of blood clot contraction.

• In sickle cell disease patients, blood clot contraction is 
impaired due to stiffer erythrocytes.

• Clot- entrapped erythrocytes with increased rigidity 
suppress contraction and promote thrombosis.
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probing erythrocyte rigidity as a mechanism for the observed de-
crease in blood clot contraction in SCD patients.

2  |  METHODS

2.1  |  Human subjects, blood sample collection and 
processing

Sixteen patients with SCD and 52 healthy subjects donated blood fol-
lowing informed consent in accordance with the protocols approved 
by the institutional review boards of the University of Pennsylvania 
(Philadelphia, Pennsylvania, USA) or Emory University (Atlanta, 
Georgia, USA). Adult subjects with SCD were selected for study based 
solely upon their transfusion history, absence of anticoagulants, and 
willingness to participate and, consequently, typify the characteris-
tics of this patient population in general. One of 18 subjects was pre-
scribed but thought to be noncompliant with hydroxyurea; no patients 
were offered L- glutamine as a therapeutic option. Subjects were not 
known to be taking aspirin or other anti- platelet agents on a regular 
basis at the time of blood collection. Other clinical characteristics of 
the SCD patients can be found in Table S1 in supporting information.

Blood samples were collected by venipuncture into 3.2% triso-
dium citrate 9:1 by volume, stored at room temperature and used 
within 4 h. Erythrocytes were isolated through centrifugation of 
citrated whole blood at 200 g for 10 min and were washed three 
times in phosphate- buffered saline (PBS), pH 7.4, by repeated cen-
trifugation. The supernatant of the whole blood comprised platelet- 
rich plasma (PRP). To promote formation and polymerization of 
deoxyhemoglobin, in some experiments erythrocytes were deox-
ygenated by placing a whole blood sample into a 2- ml multi- well 
plate in an Eppendorf ThermoMixer with a custom designed mount 
that provides an air- tight seal for the inlet/outlet nozzles. Samples 
were flushed with argon for 30 min at 37°C under gentle agitation to 
maintain the maximal surface area for mixing.

2.2  |  Scanning electron microscopy

Contracted clots were formed by addition of human thrombin (1 U/
ml final concentration) and CaCl2 (2 mM) into citrated native or re-
constituted whole blood; activated samples were then transferred to 
Eppendorf tubes pre- coated with a residual layer of 4 vol% Triton X- 
100 in PBS to prevent fibrin sticking and incubated at 37°C for 30+ 
mins. Sediments of centrifuged erythrocytes or contracted blood 
clots were fixed in 2% glutaraldehyde in PBS, dehydrated in ascend-
ing concentrations of ethanol (30– 100 vol%) and then dried with 
hexamethyldisilazane. The fixed blood clots were cut open to visualize 
the core (interior). Samples were sputter- coated with gold- palladium 
and imaged using an FEI Quanta 250 FEG scanning electron micro-
scope. Erythrocytes were characterized as biconcave, biconcave- 
intermediate, polyhedral- intermediate, and polyhedral, as previously 
described.11

2.3  |  Probing erythrocytes’ membrane stiffness by 
atomic force microscopy

Microscope glass coverslips (22 × 22 × 0.16 mm, Fisher Scientific) 
were cleaned for 10 min using PDC- 32G- 2 Plasma Cleaner (Harrick 
Plasma). Afterward, a 20- μl drop of 0.1 mg/ml polyallylamine (Sigma- 
Aldrich) was placed on the glass, kept for 2 min, removed from the 
surface, and dried with a flow of air. To enforce erythrocyte attach-
ment, a 20 μl drop of 0.1% glutaraldehyde (EMS) was placed on 
the glass slide pretreated with polyallylamine, kept for 2 min, and 
washed with 5 ml of milli- Q water. The remaining liquid was dried 
with a flow of air, making the surface ready for deposition of eryth-
rocytes. Isolated erythrocytes were washed three times in Alsever’s 
solution (Sigma- Aldrich) and stored at 8°C for up to 3 days. Prior 
to use, the erythrocytes were re- suspended in PBS and added to 
the modified glass coverslip. Erythrocytes were allowed to attach 
for 3 mins and then washed with PBS to remove the unattached 
cells. Residual washing buffer was removed from the surface gently 
without letting it dry completely. Cells were overlaid with 400 µl of 
PBS. Force- distance curves generated during controlled indenta-
tion of erythrocytes were obtained using an MFP- 3D microscope 
(Asylum Research– Oxford Instruments) in a force mapping mode 
using long triangular cantilevers TR400PB (Olympus) with square 
pyramidal tips. The cantilever spring constant (about 0.02 nN/nm) 
was calibrated prior to each experiment by a thermal fluctuations 
method.39,40 Cells were chosen visually using the embedded optical 
microscope. Not less than 10 different cells were measured for each 
blood sample. Each cell was characterized by 10– 20 force- distance 
curves evenly distributed over the cell surface. We used an indenta-
tion force of 0.5 nN and an indentation rate of 2 μm/sec.

Indentation force- distance curves were analyzed using the mod-
ified Hertzian model developed by Sneddon for pyramidal indent-
ers.41 For a four- sided pyramidal indenter, the force as a function of 
indentation is described by the following equation:

where E is the apparent Young’s modulus, � is the Poisson ratio, � is the 
indentation depth, and � is the pyramid angle. The Poisson ratio was set 
at 0.5 to account for material incompressibility. An indentation range 
of 0– 100 pN was analyzed. Each cell was characterized by its median 
Young’s modulus, then the overall Young’s modulus for the sample was 
obtained as the median of all measured cells.

2.4  |  Kinetics of blood clot contraction

Blood was stabilized with citrate and clotting was initiated using 
2 mM CaCl2 and 1 U/ml thrombin (final concentrations). These con-
ditions were previously optimized for rapid clot formation and pre-
vention of erythrocyte settling.16 Immediately following activation, 
samples were transferred to plastic cuvettes that were pre- lubricated 
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with 4 vol% Triton X- 100 in PBS. The 12 mm × 7 mm × 1 mm cu-
vettes were then transferred into a thermostatic chamber (37°C) of 
the Thrombodynamics Analyser System. Changes in clot size were 
assessed every 15 s for 20 mins. The extent of clot contraction was 
determined relative to the initial clot size at t = 0 taken as 1. Lag time 
was determined as the time it took to reach 5% contraction. The 
mechanical work done by the contracting platelets is represented 
as the area under the curve. The phases of clot contraction were 
determined by fitting the kinetic curve with a piecewise function 
where the first phase is exponential, the second phase is linear, and 
the third phase is exponential, as previously described.16

2.5  |  Statistical analysis

All statistics were completed using Prism GraphPad 6.0. All data 
is presented as mean ± standard error of the mean. Samples were 
analyzed for statistical significance using two- tailed unpaired t- tests 
with alpha = 0.05. Normality of distribution was determined with a 
D’Agostino and Pearson test. Significance is represented as *P < .05, 
**P < .01, ***P < .001, ****P < .0001.

3  |  RESULTS

3.1  |  Clot contraction is delayed and reduced in 
SCD patients

Optical tracking of clot size in blood obtained from patients with SCD 
revealed significant modulation of all the parameters of clot contrac-
tion compared to healthy subjects (Figure 1). The average extent of 
clot contraction at 20 min was reduced by 45% (Figure 1A), the aver-
age lag time was prolonged 2.5- fold (Figure 1B), the average veloc-
ity was slower by 60% (Figure 1C), and area under the curve (work 

done by platelets during contraction) was smaller by about one half 
(Figure 1D). Correlation analysis of the clot contraction parameters 
revealed significant strong correlations between extent of contrac-
tion, lag time, average velocity, and area under the curve (Table S2 
in supporting information), suggesting that there is a common rea-
son for the reduced contraction of blood clots in SCD patients that 
affects various mechanisms and stages of contraction reflected by 
these parameters. There were no significant differences in extent 
of clot contraction in the blood of patients with HbSS or HbSC mu-
tations in hemoglobin (Figure S1 in supporting information). Also, 
there was no difference in the extent of clot contraction between 
oxygenated and deoxygenated samples from SCD patients (Figure 
S1 in supporting information). We noted that there is little sickling 
of red blood cells (RBCs) due to the duration of deoxygenation. The 
last two results suggest that the solubility and/or predisposition to 
intracellular polymerization of deoxyhemoglobin are not responsible 
for the impaired blood clot contraction in SCD patients.

3.2  |  Impaired phase kinetics of clot contraction in 
SCD patients

As we showed earlier, clot contraction occurs in three kinetically and 
mechanistically distinct phases, with Phase 1 corresponding to initia-
tion of contraction (~100 s), Phase 2 to linear contraction (~250 s), and 
Phase 3 to mechanical stabilization.16 Non- linear regression analysis 
was completed on the averaged kinetic curves of clot contraction 
in the blood of SCD patients versus healthy subjects (Figure 2). The 
quantitative results shown in Table 1 revealed that the patients had a 
54% reduction in the averaged rate constant for Phase 2 and a 44% 
reduction in the rate constant associated with Phase 3 (Table 1), 
indicating impaired mechanical compaction of erythrocytes during 
shrinkage of clots formed in the blood of SCD patients. Visually, SCD 
patients have impaired formation of polyhedrocytes, more fibrin 

F I G U R E  1  Parameters of blood clot contraction in sickle cell disease (SCD) patients and healthy individuals. Optical tracking of 
contracting blood clots was used to compare (A) extent of clot contraction at 20 min, (B) lag time, (C) average velocity, and (D) area under the 
kinetic curve. Parameters for healthy individuals (n = 52) and patients with SCD (n = 16) were compared using an unpaired, 2- tailed student 
t- test. ****P < .0001
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in the interior of the clot, and increased space within clots formed 
in vitro (Figure 3B,D) compared to healthy subjects (Figure 3A,C). 
This observation further supports the conclusion that clot contrac-
tion and mechanical compaction of erythrocytes is altered in SCD 
patients compared to healthy subjects. A priori, this alteration may 
occur as a result of increased stiffness of the clot due to heightened 
stiffness/rigidity of erythrocytes at the same hematocrit. This con-
clusion is reinforced as the hematocrit in most SCD patients is lower 
than in controls (Table S1 in supporting information).

3.3  |  Increased erythrocyte rigidity in SCD patients

To test the latter possibility, using atomic force microscopy, we meas-
ured the elastic properties of erythrocytes isolated from the blood 
of SCD patients versus healthy subjects by controlled indentation 
of the plasma membrane at randomly selected points. The average 
Young’s modulus of erythrocytes from SCD patients was 4- folder 
higher than erythrocytes from healthy individuals (Figure S2 in sup-
porting information), directly confirming a substantial increase of 
the erythrocyte rigidity in SCD. To examine whether an increase in 
erythrocyte rigidity corresponded to the altered clot contraction 
and decreased polyhedrocyte formation observed in SCD patients, 
in the following experiments we modulated the stiffness of erythro-
cytes and evaluated the effect of these modifications on clot con-
traction in conjunction with erythrocyte deformability.

3.4  |  Effects of chemically induced erythrocyte 
rigidity on polyhedrocyte formation

Because transformation of biconcave erythrocytes to polyhedro-
cytes during clot contraction has a purely mechanical nature,1 we 
used centrifugation of erythrocytes with various rigidities to mimic 

F I G U R E  2  Averaged kinetic curves of clot contraction for sickle 
cell disease (SCD) patients (n = 16) and healthy subjects (n = 52). 
Optical tracking was used to measure the extent of clot contraction 
every 15 s over the course of 20 min. The instantaneous first 
derivative was used to define transitions between phases and 
calculate rate constants of each phase of contraction. Data 
points in the curves represent mean ± standard error of the mean 
from individual kinetic curves. Dashed vertical lines denote the 
transitions between phases
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TA B L E  1  Kinetics and phase analysis of clot contraction with 
clotting of the blood of sickle cell disease patients and healthy 
subjects

Rate constants
Healthy subjects 
(n = 52)

Sickle cell disease 
patients (n = 16)

Phase 1, 1/s 0.023 ± 0.005 Not detectable

Phase 2, %/s 0.072 ± 0.003 0.0305 ± 0.0033****

Phase 3, 1/s 0.0026 ± 0.0001 0.0011 ± 0.0001****

****P < .0001.

F I G U R E  3  Representative scanning 
electron microscopy images of the core of 
contracted clots formed from the blood 
of (A,C) healthy subjects and (B,D) sickle 
cell disease (SCD) patients, showing the 
different degree of compaction of red 
blood cells and their transformation to 
polyhedrocytes, as well as absence (A, C) 
and presence (B, D) of fibrin in the interior 
of the blood clots. Scale bar for (A,B) is 
30 μm and for (C,D) is 10 μm

A B

C D
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the contractile forces generated by platelets and establish the 
mechanistic link between erythrocyte rigidity and their conversion 
to a polyhedral shape. By varying accelerations from 1 g (sedimen-
tation due to gravity) to 7000 g, we were able to induce formation 
of a tessellated network of polyhedrocytes with unmodified normal 
human erythrocytes at accelerations as low as 1000 g (Figure 4). 
Centrifuged erythrocytes, unlike those naturally compressed during 
clot contraction, largely developed intermediate polyhedral forms 
due to the uniaxial application of forces compared to isotropic ap-
plication of forces in contracting blood clots. To examine if increased 
rigidity influences the formation of polyhedrocytes, human isolated 
erythrocytes were incubated with 0.03 and 0.06% glutaraldehyde, 
which has been previously shown to alter erythrocyte rigidity by 
up to a 6- fold increase in stiffness without altering other proper-
ties of the erythrocytes.42,43 Treatment with glutaraldyhyde prior 

to centrifugation resulted in a noticeable decrease in polyhedro-
cyte formation (Figures 4 and 5), even at centrifugal forces higher 
than 1000 g; ~90% of untreated erythrocytes were polyhedral- like 
or polyhedral at 1000 g compared to <15% of erythrocytes treated 
with either concentration of glutaraldehyde (Figure 5A- C).

3.5  |  Effects of naturally increased erythrocyte 
rigidity on clot contraction

To further explore the relationship between erythrocyte rigidity 
and blood clot contraction, we performed experiments using the 
naturally stiffer form of erythrocytes called ovalocytes from a llama. 
Llama ovalocytes (Figure 6A) are more rigid than human erythro-
cytes due to the presence of 2.5 times the amount of the structural 

F I G U R E  4  Representative scanning electron micrographs showing reduced polyhedral deformation in chemically rigidified erythrocytes. 
Centrifugation of normal untreated erythrocytes (control) revealed a transition from biconcave to polyhedral similar to what is observed 
in contracted blood clots. Polyhedral- intermediate forms are largely observed due to the anisotropic application of forces during 
centrifugation. This transition was mitigated in erythrocytes pretreated with 0.03% and 0.06% glutaraldehyde, which increased erythrocyte 
rigidity and reduced deformability (see Figure 5 for quantification)



1996  |    TUTWILER ET aL.

protein spectrin,44 so that they can resist larger osmotic pressures. 
Llama ovalocytes have the same length as human erythrocytes but 
their width is ~one half to one third (3 μm vs. 6.5– 8.2 μm), leading 
to the llama ovalocytes having approximately one third the volume 
of human erythrocytes.45 Isolated and washed llama ovalocytes or 
human erythrocytes were reconstituted at a volume fraction of 40% 
with human PRP at a platelet count of ~250 000/µl. In the presence 
of llama ovalocytes, there was a delay in the overall kinetics of clot 
contraction (Figure 6B, Figure S3 in supporting information), a 28% 
decrease in the extent of clot contraction (Figure 6C), and a reduc-
tion in the average velocity (Figure 6D). Specifically, there was a re-
duction in the rate of Phase 2 with the stiffer ovalocytes (Figure 6E). 

The addition of more platelets, or more contractile force, resulted in 
an extent of clot contraction closer to that of the human erythrocyte 
control, which shows that the increased contractile force can over-
come the mechanical resistance of llama ovalocytes.

3.6  |  Effects of biologically induced erythrocyte 
rigidity on clot contraction

As glutaraldehyde may have adverse effects on platelets, we utilized 
antibodies to the Wrb epitope on erythrocytes, which target band 
3/glycophorin a on the erythrocytes and have been shown to in-
crease erythrocyte membrane rigidity by 1.4- fold.42,46 Importantly, 
changes in band 3- cytoskeleton interactions have been linked to the 
increased rigidity of SCD erythrocytes.47 The addition of 1.5 μM 
of Wrb antibodies (~200,000 copies/cell) resulted in more rigid 
erythrocytes compared to healthy subjects (Figure 7A) and a sta-
tistically insignificant (due to high data scatter) but consistent trend 
toward a decrease in the parameters of clot contraction (Figure 7B, 
Figure S4 in supporting information). Assessment of erythrocytes 
from the core of clots showed that in the absence of Wrb antibodies, 
96% of RBCs were polyhedral- intermediate or polyhedral in shape, 
with 43% being polyhedral (Figure 7C,G) whereas, in the presence 
of Wrb antibodies, only 17% of RBCs were polyhedral, and there 
were more partially compressed forms (Figure 7D,G). Centrifugation 
at accelerations greater than 1000 g resulted in the formation of 
polyhedral- intermediate RBCs in the absence of antibodies for 95% 
of RBCs (Figure 7E,H), while erythrocytes appeared less compacted 
in the presence of antibodies, with 47% of cells being biconcave or 
biconcave- intermediate (Figure 7F,H).

4  |  DISCUSSION

Sickle cell disease affects 20– 25 million people globally and is linked to 
an increased risk in thrombotic conditions, in particular venous throm-
boembolism.48 Platelet- generated contractile forces are able to pack 
erythrocytes into the core of the clot and the cells are deformed into 
polyhedrocytes.1 Here, we showed that clot contraction is delayed and 
reduced in SCD patients. Moreover, we used centrifugation to mimic 
the compressive forces generated by platelets and saw that in nor-
mal untreated erythrocytes, a tessellated network of polyhedrocytes 
formed at centrifugal forces of ~1000 g or higher (Figure 4). Treatment 
of erythrocytes with glutaraldehyde, which has been shown to de-
crease the deformability of the erythrocytes,42,43 resulted in less eryth-
rocyte deformation, not only at the threshold force of 1000 g but also 
at higher centrifugal forces. This confirms that erythrocyte rigidity may 
influence the compactness of the erythrocyte core of the contracted 
blood clot and further supports the idea that erythrocyte rigidity has 
the potential to influence the extent of clot contraction. In venous 
thrombi, erythrocytes comprise more than half the volume, making the 
role of erythrocyte rigidity critical for understanding the pathogenesis 
of venous thromboembolism in SCD patients.49

F I G U R E  5  Quantification of polyhedrocyte formation in 
chemically rigidified erythrocytes. Erythrocytes were quantified 
for their shape transformation from biconcave to biconcave- 
intermediate, and polyhedral- intermediate or polyhedral 
following centrifugation. Deformations induced by centrifugation 
of untreated erythrocytes (A) and erythrocytes rigidified by 
incubation with (B) 0.03% or (C) 0.06% glutaraldehyde
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To assess the role of erythrocyte rigidity in modulating clot con-
traction, we performed experiments with naturally stiff ovalocytes 
from llamas added to platelet- rich human plasma. Llama ovalocytes 
are naturally more rigid than human erythrocytes because llamas 
need cells with an increased osmotic resistance that can withstand 
changes in osmotic pressure from ingestion of large volumes of water 
and subsequent dehydration. Llama ovalocytes displayed a decrease 
in the extent of clot contraction and reduction in the rate of Phase 
2 of contraction similar to what was observed in the blood of SCD 
patients (Figure 5). The addition of more platelets, and consequently 
higher contractile forces, resulted in an increase in the extent of 

contraction and increased erythrocyte deformation compared to a 
lower platelet count. This further supports the idea that mechanical 
resistance conferred by the stiffer ovalocytes can be balanced by 
the generation of higher contractile forces. Likewise, the addition 
of rigidifying Wrb antibodies to erythrocytes caused a decrease in 
polyhedrocyte formation and a trend toward a decrease in extent 
of clot contraction. Wrb antibody– mediated increase in the stiffness 
of the erythrocytes is particularly important because the fact that 
a monovalent ligand induces rigidity shows that the mechanism is 
independent of membrane complex crosslinking and agglutination.

F I G U R E  6  Clot contraction with naturally rigid llama ovalocytes. A, Representative scanning electron micrographs showing llama 
ovalocytes inside blood clots that were uncontracted, contracted with normal platelet count (~250,000/µl), or contracted using a higher 
platelet count (~400,000/µl). B, Kinetic curves of clot contraction in reconstituted blood to assess clot contraction in samples containing 
human erythrocytes or llama ovalocytes. C, Average extent of clot contraction at 20 mins, (D) average velocity, and (E) the rates of phases 2 
and 3 were quantified in contracting reconstituted blood samples containing human or llama ovalocytes at various platelet counts

F I G U R E  7  Contraction of blood clots formed in the presence of erythrocyte- rigidifying Wrightb antibodies. Representative single 
donor experiment revealed that (A) Wrb antibodies induced an increase in erythrocyte rigidity, which corresponded to (B) a decrease in 
the extent of contraction. Representative scanning electron microscopy showing erythrocyte deformation in the core of clots made (C) 
without or (D) with addition of Wrb antibodies and following centrifugation of washed erythrocytes in the (E) absence or (F) presence of Wrb 
antibodies. Distributions of red blood cell (RBC) shapes quantified from scanning electron microscopy images for (G) contracted clots and (H) 
centrifuged RBCs
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Pathological conditions that are associated with an increase 
in erythrocyte rigidity are associated with an increased risk for 
thrombotic conditions such as venous thromboembolism or isch-
emic stroke.28 SCD is associated with platelet procoagulant prop-
erties,50,51 activation of the coagulation cascade,52,53 deformation 
of erythrocytes that become trapped in the microcirculation,53 and 
impaired fibrinolysis.25 Erythrocytes need to be highly deformable 
so that they can pass through capillaries for oxygen delivery,54 but 
lower deformability of erythrocytes may also play a role in thrombo-
sis.55 We have previously shown that the extent of clot contraction 
can differentially influence the rate of fibrinolysis, where clots with 
impaired clot contraction have a reduced rate of internal fibrinoly-
sis.3 The reduction in clot contraction seen in SCD patients can also 
provide a potential mechanistic explanation for the impaired fibrino-
lysis described clinically in this patient population.

Clot contraction is differentially influenced by the molecular and 
cellular composition of the blood.16 Platelet activation is necessary 
for clot contraction, so it is perhaps surprising that a procoagulant 
condition, such as SCD, would result in a reduced extent of clot con-
traction rather than enhanced platelet contractility. However, exam-
ination of clot contraction in SCD revealed a substantially reduced 
extent and rate of clot contraction in SCD patients compared to 
healthy individuals (Figure 1). These characteristics were observed 
in erythrocytes collected from a largely unselected group of patients 
with SCD who were not prescribed disease- specific therapeutics, 
demonstrating the ubiquity of this pathobiology in the sickle- cell 
population at large. We have previously shown that clot contraction 
is reduced in other patient populations such as ischemic stroke or 
venous thromboembolism, where the reduction in contraction was 
linked to platelet refractoriness or exhaustion.4,5 Here we wanted to 
examine the contribution that the increased erythrocyte rigidity of 
SCD patients may have on the decreased extent of contraction. It 
is known that with increasing hematocrit, there is a decrease in the 
extent of contraction.16 While SCD patients, both HbSS and HbSC, 
have a lower hematocrit than healthy individuals, they also have less 
deformable erythrocytes. It has been previously shown that eryth-
rocytes from SCD patients have altered membrane rigidity, changes 
in their cytoskeleton, and increased viscosity56- 58; these factors 
would change the bulk deformability of the cell and potentially make 
them less compressible.

Erythrocytes resist contraction through a compressive resis-
tance to the active contractile forces.15 The reduced rate of Phase 2 
of clot contraction supports the hypothesis that the overall extent 
of contraction is reduced due to erythrocytes, as it is known that 
erythrocytes play a critical role during this phase of contraction.16 
However, there was no difference in extent of clot contraction 
following the deoxygenation of whole blood from SCD patients. It 
should be noted that there is little increase in sickling of RBCs, be-
cause of the relatively short time course of the deoxygenation. The 
lack of influence is likely also due in part to the increase in overall 
rigidity of HbS RBCs compared to healthy- subject RBCs even in the 
absence of deoxygenation (Figure S2).59 SCD erythrocytes, even 
without deoxygenation and/or shape change, are on average eight 

times stiffer than healthy erythrocytes (Figure S2). The observed 
lack of difference comparing contraction between oxygenated and 
deoxygenated samples could also be influenced by an increase in the 
phosphatidylserine exposure on the erythrocyte surface,60 which 
has been shown to contribute to a hypercoagulable state and en-
hance thrombin generation in other conditions,61 and this may coun-
teract any potential difference in extent of clot contraction due to 
erythrocyte rigidity.

In conclusion, we, for the first time, demonstrated the effect 
of pathologically increased erythrocyte rigidity on the extent of 
blood clot contraction and contraction- induced RBC deformation. 
Because clot contraction is associated with the formation of a good 
hemostatic seal and the restoration of blood flow past otherwise 
obstructive thrombi, our results reveal that conditions with more 
rigid erythrocytes, such as SCD, may increase the risk of obstructive 
thrombotic complications by impeding clot contraction. In addition, 
knowledge regarding erythrocyte rigidity and contraction of blood 
clots and thrombi can help to predict and evaluate the efficacy of 
therapeutic interventions, such as sensitivity to thrombolytics.
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