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ABSTRACT

NONLINEAR STIFFNESS AND VISCOELASTICITY OF INHIBITOR-TREATED
BLOOD CLOTS BY TENSILE TESTING

by Wilson S. Eng

Although blood clots are vital to wound healing, little is known about what factors
influence clot stiffness and dynamic response. This work investigates the mechanics of
inhibitor-treated clots by direct tensile testing using a custom designed system for forces
below 1 N. Inhibitors that affect clot formation include blebbistatin, which affects myosin
IT movement on actin, and cytochalasin D, which affects actin polymerization. The
hypothesis of this investigation is that blebbistatin will have a greater effect on
mechanical behavior than cytochalasin D, because the inhibition of myosin II will
weaken the overall clot more than actin. This hypothesis was investigated using clots that
were treated with blebbistatin and cytochalasin, using untreated whole blood as a
reference. Clots were tested from five different donors with at least two replicates from
each donor. Each clot was subjected to an initial stretch ratio of 1.5 to measure nonlinear
stiffness, followed by a series of 1 mm increments to record stress relaxation. At a stretch
ratio of 1.5, blebbistatin-treated clots exhibited 4.3% lower tensile stress than
cytochalasin-treated clots. The relaxation time constant for blebbistatin-treated clots was
10% faster than for cytochalasin-treated clots. This evidence supports the hypothesis
about the role of myosin II in blood and introduces experimental methodology that can be

extended to studies on mechanics of other soft biological tissues.



ACKNOWLEDGMENTS

This work was supported in part by the Kordestani Endowment to the Charles W.
Davidson College of Engineering at San José State University (SJSU) and in part by the
AHA Institutional Research Enhancement Award (AIREA) program of the American
Heart Association (Award Number 18AIREA33960524). I would like to thank Dr. Anand
Ramasubramanian for providing background on the project and direction needed in
testing blood clots. I would like to thank Dr. Amit Saha for his support with the specimen
testing development. I would like to thank Dr. Sang-Joon (John) Lee for tirelessly
providing guidance throughout the entire project and reviewing. I would like to thank
members of the MEMS Lab at SJSU for help with fabrication and testing. Finally, I

would like to thank my friends and family for their support.



TABLE OF CONTENTS

LSt OF TADLES ...ttt sttt et viil
LISt Of FIGUIES ..veieiiiieeiie ettt ettt ettt e et e e st e e et eeensaeeenseeesnseeennneas X
List of Symbols and AbbIeviations..........c..cecvieeiiieriiieeiee et e e eaee e aee e X
L INEEOAUCTION ...ttt ettt ettt et st e e ee 1
1.1 BACKEIOUNG ......eiiiiiiiieiieeie ettt ettt et st et e e b e enaeeneeas 1
1.1.1 Blood Clotting MEChANICS ........c.cccieruiieiieiieiieeieecee et 2
1.1.2 Mechanical Properties of BIOOd...........ccceeeiiiiiiiiiiieeeecee e 3

1.2 HYPOUNESIS ...vieniiieiiieiieeiie ettt ettt et ettt ettt e et e et esaaeenbeesaesnaeenseenneas 4
1.3 SIGNITICANCE ..ovvieiiieiiieiie ettt ettt ettt et e et eesbeenbeesaaeenseeeeas 5

2. Related WOTK ...ttt 6
2.1 Mechanical Properties of Fibrin and Other Biomaterials ...........cccccecerienenienennnne 6
2.2 Methods for Mechanical Testing of Soft Materials...........cccoovevieeciiiniiniieeiieeee, 7
B B A1 15T ) 1 4 1< 3 USRS 7
2.2.2 AtomicC FOTCE MICTOSCOPY eevvierrieiieeiiieiieniieeteenieeeieeeteesteesnreeseesaaeenseenseesnseenns 8
2.2.3 CompresSion TESHING ......cc.eerieeriieriieeieeiieeiie ettt see et site e et e seeeesaeeseesaee e 9
2.2 4 TenSIIE TESING...c.uvieeiiieiieeeiieeeieeeeteeetteeeieeesveeeateesaeeessaeeesaeessseeessseesnaseenns 10
2.2.5 Electrowetting-On-DielectriC.........cccevierireiienieiiieiieeee et 11

2.3 Specimen Holding Methods..........cccooviiiiiiiiiiniieeiicee e 12

TR 1 15T ) RSP SR 14
3.1 Stiffness Compensation for SENSING .........ccceerieriiieiiienieeiieiierie e 14
3.2 Nonlinear Material Stiffniess ........cccueiiieiiiiiiiiiiee e 16
3.3 Lumped Parameter Modeling of ViscoelastiCity .........ccceeveveercieeerieeeiieeciie e 18

4. MEthOOLOZY ....eeeiieiiieiie ettt ettt ettt e et e et esaeeesbeenbeeenseenbeenseesnsean 22
4.1 DEVICE DIESIZN ..cciuiiiiiiieeiiieciieeeiee et e e ee ettt e et e e et e e e e e e tveesnaeesseeessseessaeesnsneens 22
4.1.1 Functional REQUITEMENTS ........cccueeriiieiieiieeiieiieeie ettt e e 23
4.1.2 Specimen Clamping Method...........cccceeriiiriiiiienieeiieee e 23
4.1.3 Displacement MeasuremMent ...........cccuveerveeerieeriieeenieeeiieeereeesreeseneessseeesseeens 24

4.2 EXPETIMENTATION .. ..eeiieeitieiieeteeiieeeteeteestteeteesseesaseesseessaesseesseessseeseessseenseesssesseens 26

Vi



4.2.1 Experimental DEeSIN........ccoerieriiiiiieiieeieeiieeie ettt e 26

4.2.2 Specimen FabriCatioN.........cccviieiiieiiieeiieeciieeetee et eveeeereeeieeeeveeeseaeesanee e 27
4.2.3 Apparatus and Measurement SYSTEM ........ccccveeeruieeriuieriieeeiieeeereeesreeeeeeesveeens 29
4.2.4 TMAZE ANALYSIS...c.uiiiiiieiieiieeie ettt ettt e ste e e st e ete e beesaeeseesaaeenseenseas 30
4.2.5 Data ANALYSIS ..veeeuiieiiieieiieeiiee ettt eeiee ettt eeieeesteessaeesateesbeeessbeeesaeesseeennseeens 32

4.3 Sources Of UNCEItaINtY.......eeecuiiiiiieieiieeiieeeieeeeteeeeteeeeeeesveessareesaeeesaeeessseeesneeens 34

5. Results and DISCUSSION ....c..eeuviruieiiriieieiiienteeiesit ettt sttt sttt sae e saeens 38
5.1 Effective Nonlinear Stiffness of Blood..........cccooiiiiiiiiiiiiiiieee 38
5.2 Viscoelastic Response of BloOd ..........cccccuieiiiiiiiiiiiiiiieciecece e 40
5.3 DONOT Variability ......cccveeiiiiiiiiiieiiieeieeieete ettt et saae e nes 42
5.3.1 Within-Donor Variability..........ccceecuirieiieiiiieeiie e 42
5.3.2 Donor-to-Donor Variability ..........cccecierieriiiiieniieiierieecie e 44
5.3.3 Other Sources Of UNCertainty........ccccceeruierireiiienieeieerieenieeieesiee e esiee e eseens 48

0. COMNCIUSIONS ...ttt b e ettt e st e st e bt e s st e e beesaeeeabeenbeesaneans 52
6.1 Addressing the HYPOthesis .........ccccueieiieiiiiiieiieiiecieeeee e 52
6.2 Recommendations for Future Work ..o 53
RETRIeNCeS CIted ... ..eeiiiiiieiieie ettt ettt 55
Appendix A: Apparatus Technical DOCUMENLS .........cceeviieiieniiiiieiieeie e 60
APPENdiX B: GlOSSATY ...ccuiiiiiieiieiieeii ettt ettt ettt e st e e ebe e aeeenbeeneas 64
Appendix C: Experimental PlOtS ..........ccccviiiiiiiiiiieiiiecieeeee e 66
Appendix D: Raw Experimental Images .........cccccoevieniiiiiiniieniiciieeeeeeee e 68

vii



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

LIST OF TABLES
Composition and timing used for each specimen type......................
List Of UNCEITAINIES. ..c..eeruiiiieiiriiiiiriciietccecee e

Time constant differences between inhibitor treatments and the whole
blood control at each extension diStance...........oovveieiiieeiiiieennnnnn.

Whole blood Mooney-Rivlin hyperelastic parameters C; and C> range
fOr €aCh dONOT ... .ot

Mooney-Rivlin parameter C1 one way ANOVA comparison across
QONOTS. ...ttt sttt

Mooney-Rivlin parameter C> one way ANOV A comparison across
QONOTS. ..ttt ettt b et ne

Average maximum stress value percent difference at 1.45 stretch ratio
for each treatment with whole blood as the reference.....................

Average t value percent difference at 4 mm with whole blood as the
U (3 1<) 1 o1

viii

29

35

41

44

46

47

48

48



Figure 1.

Figure 2.

Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17.

LIST OF FIGURES

Mechanical coupling from actuator through specimen to load cell, as
arranged spatially (a) and as equivalent stiffness elements (b)...............

Lumped parameter model, with k> as a spring in parallel to spring ki,
and damper 1 in series added to loadcell Kp..............ocoooiiiiiiiil.

Major component of tensometer SYyStem..........oceevvieiiieineennnennnnn.
Adjustable magnetic clamps used to hold the specimen.........................
Cantilever load cell Stiffness.........cooeeverieriiiiniiieceeee
Zero-load offset and noise for the load cell....................c.oiini.
Zero-load return upon applying and releasing manual loading cycles....
Standard top down three images at 8 s apart for each specimen..........

Side view of specimen being pulled from initial (left) to 3 mm
EXLENSION (TIZNT)..euviiiiiiiiiiiieiiee ettt e

Representative extension curve to extract true stress vs. stretch ratio
plots and stress relaxation plots...........cooevviiiiiiiiiiiiii i

A consolidated fitted curve plot at the 4 mm, 5 mm, and 6 mm on the
first 3 s of the specimen pulls...............ooiiiiiiiiiiiiii

Fitted Mooney-Rivlin hyperelastic model on the averaged treatment
results across all donors..........ooviii it

Time constant T values for each treatment at 4 mm, 5 mm, and 6 mm...

Plots of whole blood donor replicate variability for five donors where
each curve is a separate test SPeCImMeN..........vvveeereeineenneenneennnnnn.

Plots of true stress vs. stretch ratio averaged across five donors per
treatment response by each donor...............coooiiiiiiiiiiiii .

Top view image of bubbles present in the clot pull.........................

Side image of blood adhering to the clamp creating a wetted meniscus.

iX

14

19

22

24

25

25

26

31

32

33

34

39

41

43

45

49

50



Symbol

C
C

kr
ks
keq
ki
k>

Lo

Uug
ur
UkL
Ut
Uw
UusL
Us

Os
oL
5t0tal

9 Q9 o=

LIST OF SYMBOLS

Description

Cross-sectional area (mm?)

First Mooney-Rivlin parameter (Pa)

Second Mooney-Rivlin parameter (Pa)

Force (N)

Distance of specimen to load cell

Stiffness of load cell (N/m)

Stiffness of specimen (N/m)

Stiffness of total system (N/m)

Stiffness of spring in lumped parameter (N/m)
Stiffness of spring in lumped parameter (N/m)
Total length travel (mm)

Original length of the specimen (mm)
Thickness of the specimen (mm)

Uncertainty

Area uncertainty (mm?)

Force uncertainty

Load cell stiffness uncertainty (N/m)
Thickness uncertainty (um)

Width uncertainty (um)

Load cell displacement uncertainty (um)
Stress uncertainty (Pa)

Width of the specimen (mm)

Elongation of specimen (mm)

Tip deflection of cantilever load cell (mm)
Displacement of actuator (mm)

Sine error

Damping values in lumped parameter (N-s/m)
Angle of the sine error

Stress (Pa)

Time constant (s)



1. INTRODUCTION
1.1 Background

Blood clots are critical to preventing incessant bleeding, thus saving lives. The
mechanical properties of the clot are vital to damming blood flow. The macroscopic
mechanical properties of a blood clot such as stress-strain response and yield strength are
functions of the blood composition and extent of cross-linking. Cross-linking is affected
by numerous factors, including levels of a coagulation enzyme known as factor XIlI
(FXI11). However, several studies over the past few years have shown that blood clots are
mechanically and morphologically heterogeneous in microscale, and micromechanical
behavior can have important consequences in pathophysiological events such as stroke
[1].

Clots are biocomposite materials that are formed as liquid blood transforms into a
viscoelastic state. Fibrin, a key structural component of blood, is a polymer chain that has
been shown to shift from a random orientation to an aligned configuration when strained
[2]. The unique restructuring trait allows the clot to be flexible, but also resilient to
external forces [3]. However, mechanical testing of a clot is not a simple task. The fluid-
like consistency of blood makes mechanical property testing with conventional
macroscale instruments such as an Instron® universal testing system (lllinois Tool Works,
Norwood Massachusetts, USA) difficult in terms of fixturing and small-force resolution.
Krasokha et al. found that casting blood into a mold was helpful in compressive testing
because of the known dimensions and cross-section [4]. However, even with a well-

prescribed shape, the blood consistency is difficult for an experimental device to grasp,
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requiring unconventional mounting techniques to contain the specimen within the
apparatus. In order to perform more informative mechanical testing of blood clots, there
is a need for a versatile and sensitive apparatus that can apply finely controlled
tensometric (i.e., force measurement under prescribed displacement) or extensometric
(i.e., displacement measurement under applied force) testing in a consistent way.
1.1.1 Blood Clotting Mechanics

Blood clots are complex and have many clotting factors and pathways that can create
a clot. Virchow’s triad, named after Rudolf Virchow, describes the three contributing
causes to thrombosis which are stasis, vessel wall injury, and hypercoagulability [5].
Fluid flow plays a role in the formation of clots. For example, a higher concentration of
platelets tends to occur in arterial clots, for which fluid flow tends to have a higher flow
rate than in veins [6]. The first stage of clotting occurs when there is an open wound.
Vasoconstriction of endothelial cells occurs, because of a lack of nitric oxide for
vasodilation during injury. In the second stage, platelets gather to form a plug at the
wound, but will not be cross-linked until after coagulation occurs to prevent further
bleeding with a stronger clot [7]. In the coagulation cascade there are two pathways,
known as the intrinsic pathway and extrinsic pathway. The intrinsic pathway is a slower
process using collagen and requires contributing roles of factors FXII, FXI, FIX, and FX.
The extrinsic pathway is a faster process requiring only FVI1I, tissue factor (TF), and FX.
The intrinsic pathway and extrinsic pathway meet at FX to start the common pathway.

The blood stream contains enzymes that change prothrombin (FII) into thrombin via

factor Xa (where the letter "a™ indicates activator). Activated platelets are able to
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rearrange their structure to attach to fibrinogen (FI) on neighboring platelets to create a
stronger plug at the injured site [8]. Eventually a network of platelets is created and its
strength is enhanced when thrombin converts the fibrinogen into a fibrin a mesh that
helps prevent blood flow. The fibrin network is then strengthened with the introduction of
FXII1, which cross-links the structure allowing for greater strain stiffening and
viscoelastic stiffness of blood clots [9].

This study will focus on the common pathway, for which collagen and tissue factor
are not involved with initiating the clotting process. Thrombin is the enzyme used to
initiate the clotting process, after which the clot will form and contract over time. Two
platelet components that provide hemostatic clot structure by working together are actin
filaments and myosin 11 motor proteins [10]. The platelet’s local actin-myosin
cytoskeleton relationship will be investigated further with the use of blebbistatin as a
known drug that inhibits myosin 11 [11] and cytochalasin D as a known drug that inhibits
actin polymerization [12]. Blebbistatin was found to change the biconcavity shape of red
blood cells (RBC) due to the inhibition of myosin 11, indicating structural weakening
[13], whereas cytochalasin D was found to also weaken the clots by capping actin
filaments as shown through thromboelastography (TEG) which is a test for blood
coagulation efficiency [14].

1.1.2 Mechanical Properties of Blood

Many engineering materials such as metals exhibit linearly elastic mechanical

behavior that follow Hooke’s law, for which displacement is proportional to force.

However, blood clots behave differently, since the cross-linked fibrin network is strain
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stiffening. The structural rearrangement of fibers results in tension that is not linearly
proportional to the applied displacement. Hyperelastic models, such as Neo-Hookean
model or Mooney-Rivlin model, are methods to describe the strain stiffening
characteristic.

There is also a difference when a clot is held at a prescribed displacement, because
stress relaxation will occur. Linearly elastic materials will exhibit a constant force when
extended and held at a fixed strain below the yield strain of the material. In the stress
relaxation of blood clots, however, tension decreases with time when the clot is held at a
fixed displacement. Viscoelastic models are used to describe this stress relaxation
phenomenon with the use of springs and dampers in various configurations. The most
basic models are the Maxwell model, consisting of a spring and damper in series, and the
Kelvin-VVoigt model, consisting of a spring and damper in parallel. The Maxwell model is
better for stress relaxation for which displacement is fixed and the mechanical elements
encounter reduced force, and the Kelvin-Voigt model is better for creep for which force
is fixed and the mechanical elements undergo changes in geometry. The work in this
thesis will use the standard linear solid model, which is also known as a Zener or a
Maxwell representation that combines the Maxwell model and Kelvin-Voigt model [15].
1.2 Hypothesis

The work in this thesis investigates nonlinear stiffness and viscoelastic response of
blood clots by performing mechanical tensile testing of clots subjected to inhibitors. The

hypothesis is that blebbistatin affects stiffness and viscoelastic response of a clot more


https://paperpile.com/c/EG6HZA/k0dn

than cytochalasin D, because myosin Il plays a larger role than actin in clot stiffness.
Inhibition of myosin 11 with blebbistatin is expected to create a weaker clot.

Myosin |1 protein is composed of two intertwined myosin chains which act along
actin filaments through an adenosine triphosphate (ATP) energy cycle. ATP binds to a
myosin |l that begins to release the attached actin. The ATP is converted to adenosine
diphosphate (ADP), a phosphate and energy which winds the myosin like a spring to
provide mechanical energy. When the phosphate is released from myosin, the stored
energy from the myosin is released to move along the actin filament, thus contracting.
Blebbistatin can cause the myosin Il to have low affinity to attach to actin, disrupting the
phosphate activation site, by binding to ATPase intermediate with ADP [16]. If the actin
filament is capped with cytochalasin D, then the contractions from the myosin will be
shorter. However, if there is no myosin Il activity, then the membrane proteins will be
unable to contract and can be easily deformed [17].

1.3 Significance

There is still much unknown about the mechanical properties of blood clots.
Understanding the mechanical properties of blood clots is important because of the
potentially informative benefit to medical interventions such as drug therapy or
thrombectomy. Most prior work in mechanical characterization of blood clots has been
done using either rheometry, which measures tangential stress on a surface, or at the
nanoscale with atomic force microscopy (AFM), which focuses on individual clot
components. Direct tensile testing as applied in this thesis will provide an under-

investigated methodology for characterizing blood clot mechanics.
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2. RELATED WORK
2.1 Mechanical Properties of Fibrin and Other Biomaterials

When fibrinogen and thrombin are combined, a fibrin polymer is formed. Fibrin is an
important structural component of blood clots that plays a role in treating ischemic
strokes and myocardial infarctions, but a balance is needed because too much fibrin can
lead to thrombosis and too little allows for uncontrollable bleeding [18]. Fibrin plays a
versatile role in wound healing and angiogenesis [19]. A specific use of fibrin is fibrin
sealant which is used in surgery as a hemostatic agent, preventing blood loss [20]. Fibrin
has viscoelastic properties which are important in understanding and treating thrombosis.
Fine clots are simpler to measure, because the planarity creates a two dimensional
interaction rather than a three dimensional interaction that is more complicated [21]. A
strong clot will deform differently than a weak one due to the nonuniform strain
stiffening network. Biological tissues and clots benefit from strain stiffening, which
allows for larger deformations prior to rupture [22]. A fibrin network can be cross-linked
with FXIII to create a stronger clot. Due to its versatility of strength and biocompatibility,
fibrin is already used in biomedical implants and tissue engineering [18].

Hydrogels are biomaterials consisting of water insoluble polymer chains with cross-
linking properties [23]. Alginate is an example of a hydrogel material that exhibits
mechanical behavior similar to the mechanical behavior of fibrin. Sodium alginate, a
seaweed and kelp extract, has biocompatible characteristics that are favorable for wound
healing and drug delivery systems. Alginate increases angiogenesis which helps facilitate

the development of new blood cells increasingly for seven days [24]. Similar to fibrin,
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alginate can be cross-linked ionically, thermally, covalently, and through cellular
adhesion [25]. Drury et al. found that alginate ionically cross-linked with sodium chloride
had stress-strain curves with an initial concavity upward for the strain stiffening portions
of the plot [26]. When ionically cross-linked, alginate exhibits nonlinear stiffness similar
to blood clots. A few other hydrogels such as heparin, chitosan, and agarose are also used
in tissue engineering for their biocompatibility, biodegradability, and strain stiffening
mechanical characteristics [23].
2.2 Methods for Mechanical Testing of Soft Materials

Soft biomaterials are typically small and difficult to handle. The consistency is
similar to a gel, which can lead to slippage when trying to grasp mechanically. However,
certain measurement techniques alleviate this issue of slippage. The test methodologies
vary between apparatus types to bypass the specimen consistency. Rheometry uses the
specimen soft gel consistency to measure material properties. Chemical adhesion holds
the specimen in place and allows atomic force microscopy (AFM) to be used. A cast
specimen allows for compression or tension testing. Electrowetting uses an electric field
to manipulate the specimen into the desired configuration. The reviewed testing methods
provide guidance on developed techniques to overcome slippage from grasping soft
biomaterials.
2.2.1 Rheometry

A rheometer is a mechanical testing device that uses a rotating cone to compress the
specimen in a medium at a prescribed rotational speed, thus providing mechanical

characterization based on shear rate. Kim et al. studied fibrin, collagen, and fibrin-
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collagen with a rheometer that compressed the specimens to 1/10 of the initial thickness
to gather shear modulus information [27]. The shear elastic modulus G’ and shear loss
modulus G” are the typical properties that are reported from rheometry measurements.
Wen et al. [22] found that an out of phase viscous response of G”’is less than G’ in cross-
linked hydrogels, because nonlinear elasticity has a nonlinear stress and strain
relationship. Polyacrylamide (PA) gels, for example, have G’ increase with larger strains,
indicating that strain stiffening is occurring. G” and G” are proportional to the stored
elastic energy and the energy dissipated [28].

Avyala et al. studied the effects of cytochalasin D and blebbistatin on blood with
rheometry [29]. A dosage dependency between 2.5 uM to 5.0 uM cytochalasin D and 5.0
MM to 10 uM blebbistatin was found, because the shear modulus continued to change
[29]. If the shear modulus was steady, then the entire clot structure was inhibited.
Tutwiler et al. tested whole blood by keeping the clot size at a constant volume with the
rheometer and found that the increase in red blood cells weakens the clot contractile
stress [30]. Rheometry methods proved to be useful in studying blood clots and inhibitor
effects, but would not be able to measure actual tensile forces acting on soft biological
materials.

2.2.2 Atomic Force Microscopy

In nanoscale, Markert et al. used AFM to test several biomaterials including alginate,
collagen, and fibrin [31]. With AFM devices, a measured force can manipulate the
specimen and image simultaneously. Studies by Feller showed that an AFM probe tip can

adhere to blood and provide nanonewton force measurements with micron-scale
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displacements by partially submerging the cantilever beam [32]. The nanometer scale
allows for studying the mechanical properties of single components of a clot. Other
methodologies can prepare the specimen for AFM such as electrospinning, which allows
for a thinner fiber to be created [33]. However, larger networks in the macro scale are
difficult to understand, because of the very fine resolution of AFM devices.

Examining a whole clot at macroscale, Lam et al. investigated the mechanics and
dynamics of platelets with force measurements [34]. Crow et al. further introduced
cytochalasin D and blebbistatin to understand the inhibitors effects on clot retraction [35].
When treated with a cytochalasin D concentration of 500 nM, clots contracted at 0.40
pm/min. When treated with a blebbistatin concentration of 30 uM, clots contracted at
0.24 pm/min. Clot contraction ceased while using 1 M cytochalasin and 50 uM
blebbistatin concentrations [35].

2.2.3 Compression Testing

Compression testing is another test methodology performed on biomaterials.
Typically the test specimen will be in a holder and compressed to obtain relevant
mechanical properties. This system benefits from the not having to grasp onto the soft
biomaterial. Krasoskha et al. tested porcine blood by compression at 0.25 mm/s by a plate
in a chamber where the clot takes the chamber shape [4]. Beyond 70% compression a
strain stiffening effect was observed with a large increase in stress [4]. However, the
methodology did not have a specified predetermined clot shape and chamber walls could
have affected the results. There was no indication of a retraction period for the clot, such

that the observations could have been more related to plasma rather than the actual clot.
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In contrast with Murphy et al. who performed compression testing on round fibrin gel
specimens between two plates on an Instron® universal testing machine [36]. The
compression of the fibrin gel did not have any interference, because the gel was able to
retain its own structure. The compression testing proved to be a simple way of testing
clots, but tensile testing is more indicative of clots breaking apart in embolisms.

2.2.4 Tensile Testing

Flexures have been used to measure contraction and small movements in tensile
testing. Known flexural stiffness allows for simple forces measurements with a known
displacement. Polydimethylsiloxane (PDMS) strain sensing beams were used to measure
clotting contraction forces with the Young’s modulus of the flexure and displacement
[37]. The same principles were used for flexures to study the strength of an onion skin in
dry and wet conditions [38]. A similar experiment by Kim et al. [39] was done using a
piezoelectric actuator and a flexure as the known force, a variation of the approach by
Zamil et al. [38]. The flexure stiffness was known, allowing the onion movement to be
measured.

Currently, there is no current standard for tensile testing soft biological materials
such as hydrogels and fibrin. There are commercial products that can test soft biological
tissue, such as the DMT wire myograph (Danish Myo Technology, Aarhus, Denmark).
However, the device is specialized for loop arteries that attach to the two wires and are
pulled apart. ADMET has a BioTense Bioreactor (ADMET, Norwood Massachusetts,
USA) that measure forces between 1 mN to 5 N at 1.2 mm/s, but does not have a quick

clamping system for soft biological materials. Other industrial testers such as an Instron®
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universal testing machine can be used, but a large specimen must be made to obtain
readings. Thrombin added to fibrinogen and cross-linked with FXII1 were used in a
casting of 4 mm diameter x 60 mm long, and the measured forces were as high as 0.8 N
with an extension of two times the normal length [2]. Soft biological materials may not
always be large, so a smaller specimen scale solution is necessary.

Some tensile testers are created for very specific tests. Jacquet et al. created an
extensometer to test the mechanical properties of skin on human subjects [40]. The
device used a linear variable displacement transducer (LVDT) and strain gauges to
measure skin displacement. Krone et al. bonded a hydrogel to silicon, allowing clamps to
directly hold the composite specimen to be pulled apart with a Futek load cell [41].
Krasokha et al. casted porcine blood in an aluminum mold, and then aged the clots for 48
hours to be pulled apart horizontally with their tensile tester [4]. However, the data drawn
from the tensile testing did not comprise of a continuous data set and had two distinct
different linear slopes in the stress vs. elongation plots. A contributing factor may have
been that aged clots were more brittle. Tensile testing proved to be possible on blood
clots, but the data were not as refined as other methods such as AFM or rheometry,
possibly due to the difficulty of pulling on blood clots.

2.2.5 Electrowetting-On-Dielectric

Electrowetting-on-dielectric (EWOD) is a principle in digital microfluidic devices
that uses electrostatic forces to move a liquid on a specialized hydrophobic platform. The
platform has a set of activation pads that turn a voltage on and off to move the fluid

around the device [42], [43]. EWOD platforms can be used to test clots, since the device
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can activate separate pads to pull the specimen apart or move to the desired location. The
device is has fine enough resolution to create 900 nL cross-linked alginate specimen on
the platform [44]. The placement of calcium chloride relative to the sodium alginate is
important, because irregular shaped gels can be formed due to the cross-linking reaction
time. A uniform gel was created by moving the calcium to the alginate, so the excess
liquid could easily be removed after gel formation [44]. The EWOD platform is
promising as an emerging technology, but the blood viscosity and clot strength may be
difficult to overcome.

2.3 Specimen Holding Methods

Holding methods vary from apparatus to apparatus as indicated earlier. The main
methodologies are through compression, clamping, and special adhesion coatings.
Rheometry does not require special holding methods, because the volume is controlled by
the rotating compression disk. Krashoka et al. relied on the chamber dimensions and plate
to keep the specimen in place [4]. Murphy et al. was able to cast samples into a
prescribed shape when platens were used to compress the specimen [36].

A variety of methods and test shapes have been used for tensile testing. Typically all
of the hardware used for holding clots or clot-like specimens are simplistic flat clamps
with screws to adjust the clamping force. The clamping methodology is possible if the
specimen is large and structurally strong enough to withstand outside forces. Brown et al.
created a specimen that was 4 mm diameter cylinder x 60 mm long cast of fibrinogen,
thrombin, and FXIII mixture [2]. The specimen retained its shape and was held together

with a rubber clamp for tensile testing. Krone et al. had a different approach by using a
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thin film bonded with a hydrogel, using a bonded bi-layer to characterize the mechanical
response via strain energy functions [41]. The method factored out the contributing
mechanical role of silicon to obtain the mechanical properties of only th