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There is a need for reliable and quantitative real-time assessment of blood properties to study and treat a broad
spectrum of disorders and cardiovascular diseases as well as to test the efficacy of hemostatic agents. In this
study, the real-time changes in viscoelastic/rheological properties of bovine whole blood during coagulation
induced by different concentrations of calcium chloride (CaCly; 15, 25, 35 and 45 mM) was investigated. For this
purpose, a novel, contactless technique was used to accurately measure the clotting characteristics under
controlled and sterile conditions. It was demonstrated that, increasing the calcium concentration from low values
(i.e., 15 and 25 mM), led to shorter reaction time; however, a further increase in calcium concentration (i.e., 35
and 45 mM) favored longer reaction times. Additionally, increasing the CaCl, concentration resulted in higher
shear storage modulus (i.e., stiffer clots). These results were also comparable to those generated by thromboe-
lastrograph, a clinically established technique, as well as a conventional rheometer, which quantitatively verified
the high correlation of the shear storage modulus data. In sum, the non-destructive testing technique used in this
study is reproducible and sensitive in measuring clot formation kinetics, which could be applied to assess the
efficacy of hemostatic agents, and may also contribute to better diagnosing relevant circulatory system diseases

and conditions.

1. Introduction

Blood coagulation is a complex multi-scale process composed of
three distinct stages (Guillin and Bezeoud, 1985; Tran et al., 2013;
Weisel, 2010): 1) the blood is in a liquid state; 2) the blood progressively
converts into a gel state due to the transformation of fibrinogen into
fibrin through a coagulation cascade reaction; and 3) the clot reaches
stability and maximum stiffness. In general, blood coagulation on syn-
thetic material surfaces is initiated by a rapid deposition of a protein
layer (i.e., fibrin deposition) (Tanaka et al., 2015; Berglin et al., 2004).

Blood biomechanics can be correlated with various diseases and
lifelong genetic conditions affecting blood clotting, such as bleeding
disorders, hemophilia, von Willebrand disease, rare factor deficiencies,
and platelet function disorders (Peyvandi et al., 2006). Therefore, it is
critical to accurately evaluate blood biomechanics, including changes in
viscoelastic properties that can represent its stiffness values (Tran et al.,
2013). There are various methods to evaluate the blood viscoelastic
properties, such as indirect conventional techniques; thromboelastro-
graph (TEG) and rotational thromboelastometry (ROTEM) as well as
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recently proposed approaches, e.g., magnetomotive optical coherence
elastography (Ahmad et al., 2014; Crecea et al., 2013) and laser speckle
rheology (Tripathi et al., 2014). Although TEG and ROTEM (Evans et al.,
2008; Wikkelso et al., 2017) have been widely used in the clinic to
evaluate blood coagulation in patients, their destructive nature prevents
further complementary characterization on the clots. Also, these
methods can possess poor sensitivity and repeatability (Da Luz et al.,
2014). Recently reported optical methods for evaluating blood coagu-
lation in real-time (e.g., magnetomotive optical coherence elastography)
require contact with blood samples and cannot monitor the dynamic
changes in viscoelastic properties during blood coagulation (Ahmad
et al., 2014; Crecea et al., 2013). As another example, non-contact laser
speckle rheology lacks the ability to directly calculate the elastic
modulus without subsequent calibration (Tripathi et al., 2014).

More recently, a nondestructive and contactless method has been
proposed, which uses mechanical vibrations to accurately measure the
rheological properties of soft biomaterials in real-time (Ceccaldi et al.,
2017). This technique has been already tested and used in the agri-food
industry (e.g., milk coagulation), and in the life science industry for

Received 31 January 2020; Received in revised form 2 April 2020; Accepted 6 June 2020

Available online 19 June 2020
1751-6161/© 2020 Elsevier Ltd. All rights reserved.


mailto:showan.nazhat@mcgill.ca
www.sciencedirect.com/science/journal/17516161
https://http://www.elsevier.com/locate/jmbbm
https://doi.org/10.1016/j.jmbbm.2020.103921
https://doi.org/10.1016/j.jmbbm.2020.103921
https://doi.org/10.1016/j.jmbbm.2020.103921
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmbbm.2020.103921&domain=pdf

S. Naseri et al.

() 1600-

1400-
1200-
1000
800
600
400-
200

%
"0 10 20 30 40 50 60 70 80 90 100110120

Time (min)

15mM

Storage modulus (Pa)

Reaction Time (min) 19.75+0.01

Max G’ at 120 min (Pa) 661.78+£19.96

—
(1)
S

1600, 35mM

1400
1200+
1000
800+
600+
400+
200

"0 10 20 30 40 50 60 70 80 90 100110120

e R T

1
e i S E

i
e

Storage modulus (Pa)

Time (min)
Reaction Time (min) 17.2640.25
Max G’ at 120 min (Pa) | 1155.07+66.56

Journal of the Mechanical Behavior of Biomedical Materials 110 (2020) 103921

(b) 1600

1400
1200
1000-
800-
600-
400_
200-

n
"0 10 20 30 40 50 60 70 80 90 100110120

Time (min)

25mM

Storage modulus (Pa)

15.72+0.19
936.29+0.29

Reaction Time (min)

Max G’ at 120 min (Pa)

(d) 1600,

e_c: 1400+

g 1200+

% 1000
800+

E

@ 600

o

g 400-

& 200

"0 10 20 30 40 50 60 70 80 90 100110120
Time (min)

Reaction Time (min) 22.72+0.22

Max G’ at 120 min (Pa)

1399.17429.17

Fig. 1. Contactless mechanical analysis. Evolution of G’ (shear storage modulus) as a function of time during the coagulation process of bovine whole blood (Batch
B) after recalcification with (a) 15, (b) 25, (c) 35 and (d) 45 mM CacCl, (Error bars: standard deviation: SD, n = 3).

biomaterials such as hydrogels (https://www.rheolution.com; Mirani
et al., 2019). The goal of this study was to use this novel technique to
quantitatively measure viscoelastic properties of whole blood in
real-time, when exposed to different concentrations of calcium chloride
(CaCly) and validate the outputs with already established techniques;
TEG, a clinically used technique, and a conventional rheometer, which
provided quantitative data on viscoelastic parameters.

2. Experimental section
2.1. Materials

Bovine whole blood (Sterile Sodium Citrate, CL1700-500C) was
purchased from Cedarlane (Canada). Since the lifetime of each ordered
batch was approximately two weeks, two different batches (Batch A and
B) were utilized in this study to obtain the data. CaCl, (Sigma-Aldrich,
anhydrous, ACS reagent, >96%) was used as received.

2.2. Assessment of the blood coagulation

The Elastosens™ Bio? (Rheolution Inc., Canada) instrument was
used to examine the viscoelastic properties of blood. To measure the
shear storage modulus (G') of a sample, a low frequency-amplitude
(gentle mechanical) vibration is applied to the rigid sample holder,
which also has a flexible, bottom membrane of silicone rubber. Next, the
dynamic response of the sample is measured using a contactless laser
probe and processed using specialized models.

In this study, the real-time changes in G’ of bovine whole blood after

recalcification with 15, 25, 35, and 45 mM CaCl, were measured.
Citrated bovine blood (4.5 mL) was initially placed in an incubator for
30 min at 37 °C. To activate coagulation, the blood sample was recal-
cified by adding 0.5 mL of the different concentrations of CaCl; solu-
tions. After 10 gentle vial inversions, the mixed whole blood was
immediately loaded into a cylindrically shaped sample holder composed
of a polycarbonate surrounding that is attached to a silicone rubber
bottom surface by a dedicated adhesive. Prior to sample loading, the
sample holders were washed with ethanol and placed in the instrument
at 37 °C for 30 min. G’ of the blood samples was quantified over 120 min
(with a 30-second resolution) as an indication of coagulation. The
resulting G'-time data were used to evaluate the reaction time (and can
be related to activated clotting time) for each system, which was
considered as the time at which G’ rapidly increased. Additionally, the
clotting behaviour of citrated bovine whole blood with no CaCl, was
investigated as negative control and no significant effect of sample
holder on coagulation was observed.

The profile of G’ versus time as a function of different concentrations
of CaCl; (i.e, 15, 25, 35, and 45 mM CaCly) generated by the Elasto-
sens™ Bio® was compared against the outputs of two conventionally
used techniques; a TEG and a rheometer. TEG measurements were
conducted according to the manufacturer’s specifications using the
Thromboelastrograph Model 5000 (Haemoscope Corporation, USA) in
native mode at 37 °C for 40 min. On the TEG, the clotting time (reaction
time), which is the time of latency from the start of the test to initial
fibrin formation (the time from the start of a sample run until the first
significant levels of detectable clot formation (amplitude = 2 mm)), and
the Maximum Amplitude representing the ultimate strength of the fibrin



S. Naseri et al.

—
Q
—

15mM

Amplitude [mm]

-50- Reaction Time (min) 11.20+0.62

Maximum Amplitude (mm) 30.3043.48

—
(g
—

35mM

Amplitude [mm]

Reaction Time (min) 9.33+1.18

39.07+1.00

Maximum Amplitude (mm)

Journal of the Mechanical Behavior of Biomedical Materials 110 (2020) 103921

(b) 25mM

E
E
[
o
3
=
g
<
-50- Reaction Time (min) 8.30+0.56
Maximum Amplitude (mm) 37:13%1:50

(d)

45mM

25 30 35 40

Amplitude [mm]

-20
-30-
-40-]
-50-

Reaction Time (min) 15.131£2.32

Maximum Amplitude (mm) 39.20+2.85

Fig. 2. Thromboelastrograph (TEG) analysis. A depiction of the TEG output for bovine whole blood (Batch A) after recalcification with different CaCl, con-

centrations of (a)15, (b) 25, (¢) 35 and (d) 45 mM.

clot, were calculated for each measurement (Whiting and DiNardo,
2014). In the case of the rheometer (MCR 302 Anton Paar, Austria), 0.65
mL of citrated bovine whole blood post recalcification, was loaded on
the rheometer stage with 25 mm diameter stainless steel parallel plate
geometry and gap height was adjusted at 0.8 mm. To avoid blood
dehydration during the test, an inert solvent trap was applied after
trimming the loaded sample. Measurements were conducted under a
constant oscillation frequency of 1.5 Hz and a deformation amplitude of
0.1% with 30-second resolution. The G’ of the samples was measured at
37 °C over 120 min. The reaction time was defined as the time when G’
was >10 Pa.

2.3. Statistical analysis

Statistical significance of the measured parameters between samples
was determined using the Student’s t-test at a significance level of p <
0.05.

3. Results and discussion

The Elastosens™ Bio? instrument was used to examine the real-time
changes in shear storage modulus (i.e., G’) of blood during the coagu-
lation process. To evaluate the reproducibility of the instrument, trip-
licate measurements were initially performed at three different days; 1,
2 and 7 where the changes in G’ of the whole blood (Batch A) were
monitored after recalcification with 45 mM CaCl; (Supplementary Ma-
terial; Fig. S1). The rapid increase in G’ for all the curves occurred at the
same time followed by similar increasing rates up to their maximum G’
(plateau) of the same range (Fig. S1). Based on these results, it was

confirmed that the measured values were consistent over time, and that
the instrument was able to accurately monitor changes in blood clot
biomechanics.

To further investigate the precision of this technique, the Elasto-
sens™ Bio? was used to measure the effect of different concentrations of
CaCl; on the real-time temporal changes in G'. Fig. 1 shows the changes
in G’ of whole blood (Batch B) after recalcification with 15, 25, 35 and
45 mM CaCl,. According to this figure, increasing the CaCly concen-
tration from 15 to 25 mM decreased the reaction time (i.e., shorter
clotting time). However, a further increase in the salt concentration to
35 and 45 mM favored longer clotting times. In fact, it has been dis-
cussed that CaCly can be used as an anticoagulant at higher concentra-
tions (Giraldo et al., 2017; Crawford et al., 1987; Mikaelsson, 1991). In
relation to the maximum G’ as an indication of clot stiffness, higher
amounts of CaCly resulted in higher shear storage modulus values,
suggesting the clots were stiffer (Tran et al., 2013). The final blood clots
were further characterized using scanning electron microscopy (Sup-
plementary Material; Fig. S2) to evaluate the feasibility of post pro-
cessing characterization of blood clot samples in this non-destructive
testing approach, which is not possible in traditional methods. It was
observed that the morphology of red blood cells was preserved in blood
clots after the measurement by Elastosens™ Bio? (Dibiasi et al., 2018;
Kawasaki et al., 2004).

Fig. 2 presents the TEG output of whole blood (Batch A) in the
presence of 15, 25, 35 and 45 mM CaCl;, concentrations. TEG is a con-
ventional method for clinically evaluating blood coagulation properties
(Whiting and DiNardo, 2014; Cahill et al., 2018). It was demonstrated
that, at the lower concentrations, the higher the calcium salt, the shorter
the reaction (clotting) times whereas at the higher concentrations, the
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Fig. 3. Rheometer analysis. Evolution of G’ as a function of time during the coagulation process of bovine whole blood (Batch B) after recalcification with (a) 15,

(b) 25, (c¢) 35 and (d) 45 mM CaCl, (Error bars: standard deviation: SD, n = 3).

higher the calcium salt, the longer the reaction times. While the results
are consistent with those of the Elastosens™ Bio? the qualitative
Maximum Amplitude parameter is not as informative as the G’ values
and clot stiffness. Furthermore, there was no statistically significant
difference (p > 0.05) between the Maximum Amplitude values of the
samples with 25, 35 and 45 mM CaCl; concentrations. This suggests that
TEG lacks the ability to quantitatively measure blood clot biomechanics
with potentially poor sensitivity and repeatability, as indicated by the
higher error values.

Furthermore, in this study, a rheometer was utilized to validate the
evolution of G’ values of the blood measured by Elastosens™ Bio?.
Rheometers are well-known tools to accurately measure the viscoelastic
properties of materials, such as biopolymer hydrogels (Day, 2005; Matos
et al., 2019). Fig. 3 shows the shear storage modulus of whole blood
(Batch B) in the presence of different CaCl, concentrations of 15, 25, 35
and 45 mM. It was shown that the stiffness of the clots (i.e., the
maximum G’ of the blood samples) increased with increasing calcium
concentration, within the same range as those measured by Elastosens™
BioZ. Interestingly, the blood sample recalcified with 45 mM CaCl, did
not reach a stable value, a finding that requires further investigation.

3.1. Correlation between different sets of values and CaCl, concentrations

The reaction time (Fig. 4a), as well as storage modulus and maximum
amplitude (Fig. 4b) values obtained from various techniques as a

function of CaCl;, concentrations were correlated. The trend in Fig. 4a is
in great agreement with previous studies (Mikaelsson, 1991) verifying
the ability of this contactless instrument in accurately evaluating the
clotting parameters of blood for research and clinical applications.
Furthermore, the direct correlation between the shear modulus data
(Fig. 4c) generated through the Elastosens™ Bio? and the rheometer
quantitatively confirmed the accuracy of the non-destructive technique
in measuring blood viscoelastic properties. Table S1 provides the coef-
ficient of variation of the mean values of the data generated from the
various techniques.

4. Conclusion

This study presented a novel approach to accurately and quantita-
tively measure and monitor the real-time changes in blood coagulation
viscoelastic properties using a contactless, non-destructive technique
(Elastosens™ Bio?). The effect of CaCl, concentration on the clotting
time and storage modulus of the developed clots was measured and
validated with those generated by conventional instruments (TEG and
rheometer). The results revealed that increasing the calcium concen-
tration from low values shortened the clotting times, whereas a further
increase in calcium concentration led to longer reaction times. Also,
increasing the CaCl, concentration resulted in higher maximum G/,
which has been associated with the formation of stiffer clots.

Ultimately, it was demonstrated that the Elastosens™ Bio? offers a
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promising tool that can provide a relevant combination of data for
assessing the efficacy of hemostatic agents as well as for clinicians to
better understand, predict, diagnose, and eventually treat blood related
diseases. For many reasons, the use of different hemostatic agents varies
between countries and surgeons. Despite the need, there is no compre-
hensive, detailed guideline for the selection of appropriate hemostatic
agents for different conditions, mostly due to the scarcity of the relevant
published literature (Barnard and Millner, 2009; Bracey et al., 2017).
Considering the increasing number of studies on hemostatic agents
(Tran et al., 2013; Barnard and Millner, 2009; Bracey et al., 2017),
including (mesoporous) bioactive glasses (Pourshahrestani et al., 2016),
and their functionality and characteristics, this contactless,
non-destructive technique can provide an efficient approach for accu-
rately assessing the influence of these materials on the blood coagulation
characteristics. However, given that this approach is new, further
research is needed to optimize the measurement parameters (e.g., sam-
ple volume, temperature, exposure time, and anti- and procoagulants
concentration, etc.) and to develop universal protocols for various blood
coagulation related concerns in line with already approved methods.
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