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Abstract

Mechanical testing of viscoelastic biomaterials is of critical importance in biomedical
engineering, enabling basic research into the role of the extracellular matrix, investigatory and
diagnostic testing of tissues and biofluids, and the development and characterization of tissue
engineered therapeutics. Conventional material testing approaches used for soft biomaterials
generally require force application through direct contact with a sample, leading to potential
contamination and damage, and thereby limiting these approaches to end-point measurements. To
overcome these limitations, we have developed a new measurement technique, Resonant Acoustic
Rheometry (RAR), which enables high-throughput, quantitative, and non-contact viscoelastic
characterization of biomaterials, soft tissues, and biological fluids.

RAR uses ultrasonic pulses to both generate microscale perturbations and measure the
resulting resonant oscillations at the surface of soft materials using standard labware. Resonant
oscillatory properties obtained from the frequency spectra of the surface oscillations, including the
resonant frequency and the damping coefficient, are used to quantify material properties such as
shear modulus, shear viscosity, and surface tension in both viscoelastic solids and liquids.

We developed a prototype RAR system and tested it on a range of soft biomaterials, with
shear moduli ranging from under 100 Pa to over 50 kPa, including fibrin, gelatin, and polyethylene
glycol (PEG). Shear moduli measured using RAR were validated both computationally using finite
element analysis and experimentally using conventional shear rtheometry, with excellent linear
correlation in measured elasticity between techniques (R? > 0.95). By performing parallel RAR

experiments using microwells of different sizes, we verified that resonant oscillatory behaviors
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could be used to quantify the intrinsic viscoelastic properties of a material. We also demonstrated
the rapid, non-contact monitoring of changes in material properties over a variety of temporal
scales, ranging from processes occurring on the order of milliseconds to those occurring over hours
and days. High temporal resolution RAR measurements, with sampling intervals as low as 0.2
seconds, were used to characterize the gelation process. Characteristic features of the resonant
surface waves during phase transition were applied to identify the gel point for various hydrogels.
High sample throughput was demonstrated by performing longitudinal RAR testing to explore the
impact of hydrogel polymer and crosslinker concentration on both reaction kinetics and final
mechanical properties in full factorial experiments consisting of over 15,000 unique
measurements. We were able to identify individual effects of design parameters as well as
interactions that led to unexpected mechanical properties, demonstrating the importance of
combinatorial methods and high-throughput mechanical characterization in material design.
These studies demonstrate that RAR can rapidly and accurately assess the mechanical
properties of soft viscoelastic biomaterials. The measurements generated are analogous to those
produced using conventional mechanical testing, and RAR is further capable of longitudinal
viscoelastic studies over time. RAR applies automation in both data collection and analysis,
allowing high throughput measurement of an array of samples without contact or the need for
manual intervention. Furthermore, RAR uses standard microwell plates, which simplifies sample
preparation and handling. The viscoelastic properties of soft biomaterials are relevant in a wide
range of applications, including for clinical diagnostic assays and the development of hydrogel
materials for regenerative medicine. RAR represents a fast, accurate, and cost-effective method

for materials characterization in these applications.
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Chapter 1 Introduction

1.1 Motivation

The mechanical properties of the cellular microenvironment have been identified as an
important regulator of cellular phenotype. Thus, mechanical characterization of biological tissues
or engineered tissue constructs is important for both basic scientific research and engineering
applications. Compared to the testing of metals or stiff materials, mechanical quantification of
viscoelastic biomaterials can be particularly challenging due to their relatively low elastic
modulus, time-dependent mechanical response, and biphasic structure [1]. Conventional material
testing approaches used for soft biomaterials include tension, compression, indentation, and shear-
based methods. These techniques generally require physical contact with a sample, which can lead
to contamination and damage, limiting such approaches to end-point measurements without the
ability to track temporal changes longitudinally. This is problematic, as the properties of cell-
supporting matrix are not static and undergo continuous change due to cell-mediated mechanical
forces and remodeling. In addition, the relevance of quantitative assessment of soft materials has
been recognized in a wide range of fields including tissue engineering, regenerative medicine,
bioprinting, as well food sciences. The objective of this dissertation is to develop a new technique
suitable for longitudinal mechanical characterization of soft biomaterials to meet these needs.

With the capability of penetrating tissue non-invasively, ultrasound elastography
techniques, such as acoustic radiation force impulse (ARFI) imaging and shear wave elasticity
imaging (SWEI), have provided a non-invasive strategy to assess tissue stiffness in a clinical

setting. These techniques demonstrated the utility of ultrasound as an invasive approach to assess



tissue properties, however, these techniques are generally semi-quantitative and require large
tissue volumes, thus are not applicable to the quantification of small, viscoelastic samples in
applications requiring repeated and high throughput examinations [2].

The motivation behind this dissertation was to develop a new technique that addresses the
unmet needs for tissue engineers and biomaterials researchers to measure the viscoelastic
properties of their materials in a manner that was non-destructive and readily applicable to their
experimental methodologies using standard labware and sample volume/size. We determined that
an acoustic method would be most effective as ultrasonic waves are able to efficiently propagate
through both biomaterial samples and labware, enabling the non-contact generation and
measurement of deformation. This thesis establishes a solid foundation towards accomplishing
that goal, detailing the development and applications of a novel method, Resonant Acoustic

Rheology (RAR), for the non-contact characterization of soft, viscoelastic materials.

1.2 Conventional material testing approaches
While differing in the specific mechanism of action, conventional approaches for testing
the mechanics of soft biomaterials all apply some type of deformation to a sample, applying force

in tension, compression, or rotation using direct contact.

1.2.1 Tensile testing

Tensile mechanical testing is used for a wide variety of materials [3—7]. Commonly
utilizing a universal testing machine (UTM), samples are affixed to two points and then are
stretched, measuring the generated tensile force as a function of strain. This testing is relevant in
soft tissues, such as tendon, ligament [7], skin [6], and muscle [8], where the primary forces exerted
in-situ are in tension. From the stress-strain curves it is not only possible to determine the Young’s

modulus from the slope of the linear region, but to identify the material’s yield stress and ultimate



tensile strength where, respectively, the deformation becomes plastic and eventually breaks [1,9].
Additionally, many biomaterials have strain-stiffening or strain-softening behavior, driven by their
fibrous microstructure, which can be characterized by the stress-strain relationship [10,11]. The
viscous properties of materials can also be obtained from tensile material testing, applying repeated
stress-strain cycles to quantify hysteresis, or holding an elevated strain and measuring stress

relaxation [3,6,12].

1.2.2 Compression testing

Compressive testing can be performed in a similar fashion to tensile testing, axially
compressing a sample and measuring the resulting normal force. Through compressive testing it
is also possible to measure the Young’s modulus, and for isotropic Hookean materials this should
be the same as that measured via tensile testing [9]. However, due the fibrous structure of many
soft biomaterials, the assumption of isotropic linear elasticity, may be inaccurate, with prior
literature indicating significant differences in elastic moduli with load in different directions [13].
It 1s also possible to identify the material’s yield stress and ultimate compressive strength at the
point the material fractures or deforms plastically beyond a certain threshold. In addition to
unconfined compression, with samples compressed between two non-porous platens, samples may
be confined between a porous platen and non-porous container, allowing for poroelastic

characterization [14—16].

1.2.3 Indentation

While conventional compression testing applies force evenly across the entire surface of a
sample, alternative approaches utilize the forced indentation of a material surface to measure the
mechanical properties [1]. A wide variety of indentation methods exist, utilizing probes of various

geometries to measure materials with a wide stiffness and over a range of sizes [17-20]. Unlike



tensile and compression testing methods that require a controlled material geometry in order to
accurately measure bulk properties, indentation testing can be performed on a variety of irregular
surfaces, only measuring the mechanical properties in the vicinity of the probe [1]. At the smallest
scales, such as with acoustic force microscopy, measurements can be performed on individual cells
or on individual fibers in a fibrous material [21-23]. Because of the localization of indentation
measurements, this technique has been applied to measure spatial heterogeneity in a variety of
native tissues and engineered biomaterials [24-26]. Indentation methods have also been
demonstrated to be suitable for high-throughput testing, where indentation can be rapidly applied

to an array of materials [27-31].

1.2.4 Shear Rheometry

In addition to compressive and tensile forces applied in the axial direction, shear forces can
be used to deform and characterize the mechanical properties of soft materials. Shear rheometry
can be performed using a wide variety of experimental designs including, parallel plates [32—-34],
cone and plate [35,36], and pin and cup geometries [37,38], intended for liquid or solid materials
with a range of viscoelastic properties. For purely viscous liquids, a constant shear rate can be
applied with the resulting shear stress enabling the calculation of the material viscosity. Testing
for viscoelastic materials, both solid and liquid, is often performed using sinusoidal oscillating
strains [1]. The stresses due to shear elasticity are proportional to the shear strain, while the viscous
stress is proportional to the shear rate. This results in a phase shift between the imposed shear
strains and the measured stresses that is used to calculate the elastic and viscous components of
the material, defined as the storage modulus (G’) and loss modulus (G’”) respectively [39].

The strain and frequency dependence of the viscoelastic material properties can be

explored with shear rheometry using sweeps adjusting the amplitude and rate of the shear



oscillations [32,33,40]. Changes in the viscoelastic material properties over time can also be
explored by repeating the oscillatory measurements either continuously or at regular intervals [41—
43]. The ability to measure the viscoelastic properties of both solid and liquid materials over time
has made shear rheology a particularly important technique in the study of gelation. Modifications
to this measurement modality have been developed for a variety of specialized applications, such
as thromboelastography for the characterization of blood coagulation [38,44,45]. While most
commonly applied in shear rheometry, frequency-based methods or dynamic mechanical
characterization (DMA) can also be implemented with other testing modalities [19,46,47].

A review of literature shows that shear rheometry has been successfully applied to
characterize the viscoelastic properties of all materials used in our RAR studies (Chapters 2-4),
including fibrin [33,48], gelatin [49,50], agarose [34,40,51], polyethylene glycol (PEG) [52,53],
and coagulin gels. The demonstrated capabilities of this technique in relevant materials, combined
with the ability to measure both solid and liquid phases during gelation, led us to determine that
shear rtheometry was the closest conventional analogue to RAR. Therefore, in Chapter 2 we
utilized shear rheometry to validate viscoelastic RAR measurements in both mechanically stable

and dynamic states.

1.2.5 Measurement of spatial mechanical heterogeneity

In many cases it is beneficial to not only characterize the bulk mechanical properties of a
material, but to measure the localized mechanical properties. Medical imaging techniques
currently in clinical use, such as ultrasound elastography or magnetic resonance electrography can
allow for 2D and even 3D mapping of tissue mechanics, enabling the detection and diagnosis of
tumors, cysts, or other diseases affecting the mechanics of soft tissue [2]. Measuring mechanical

heterogeneity at the cellular scale is of critical importance in tissue engineering, enabling further



understanding of cellular interaction with the extracellular matrix. As mentioned previously, some
conventional mechanical testing techniques, such as AFM and nanoindentation, have been applied
to measure material mechanical properties with microscale resolution [24-26]. While effective for
superficial 2D measurements, these approaches are limited by the need for contact to only probing
the surface of a material. Non-contact approaches have been developed to overcome some of these
limitations, by allowing for 3D longitudinal measurements of materials undergoing dynamic
cellular remodeling. A common strategy involves the application of some type of embedded
marker to track microscale deformations that can either be passively generated through cellular
remodeling, as with traction force microscopy [10], or can be actively generated using a localized

force, as in optical or acoustic tweezers [48,54—57].

1.2.6 Limitations of current approaches

Despite the biological relevance of the tensile testing modality, it can be very challenging
to implement with soft biomaterials. Adhesive or clamping methods for affixing samples are
ineffective for many hydrogels, requiring extensive sample preparation or the development of
custom experimental jigs [1]. Slipping or tearing at the contact points can introduce significant
error [58]. While samples do not need to be fixed to the testing apparatus for compressive or shear
testing, the sample geometry does need to be carefully controlled, with flat, parallel surfaces at the
top and bottom to make complete contact with the platen [59]. Additionally, the low elastic moduli
of some biomaterials may result in inaccurate force measurement in testing platforms not
specifically designed for extremely soft materials [1,19]. The mechanical properties of biomaterial
samples, including soft tissues and hydrogels, can be highly dependent on their hydration,
requiring environmental controls or the ability to perform measurements in liquid chamber,

increasing the complexity of each test [16,58]. The application of strain to biomaterials samples



can introduce significant mechanical changes, often necessitating the introduction of
preconditioning protocols, applying low levels of cyclic strain until the materials’ viscoelastic
properties stabilize. The mechanical properties of preconditioned materials may differ significantly
from the unconditioned state, complicating comparison of measured properties between studies

with different preloading protocols [3,6,7].

While the methods described above serve important roles in the mechanical
characterization of biomaterials, all these approaches require some type of contact with a sample.
This introduces the potential to contaminate or damage the material, often limiting these to short-
time series or end-point measurements in a study [60]. To minimize this limitation, it is critical to

develop non-contact methods for mechanical testing.

1.3 Ultrasound Elastography

A variety of non-contact testing modalities have been exploited using optical, acoustic, or
magnetic forces [21,48,54-57]. Ultrasound approaches offer an advantageous strategy for
mechanical measurement. Ultrasound is widely used as a non-destructive, non-ionizing modality
in medical imaging [60-61]. Ultrasonic pulses can penetrate and propagate in soft tissues, and the
scattering or reflection by local inhomogeneity and variation in acoustic impedance along the line
of sight may be used to determine the location and properties of the scatterers [61-64].
Specifically, backscattered signals, or echoes, of a single pulse can be used to generate a 1D
amplitude mode (A-mode) image of a single axial line through a material, with the timing and
characteristics of individual reflections corresponding to the axial positioning of features within
the material. A series of A-lines shifted in lateral position or angle can be rapidly generated to
form a 2D brightness mode (B-mode) image in a plane parallel to the direction of sound

propagation. B-scan images are the most common imaging mode used in clinical sonography,



enabling the real-time visualization of tissue structure and morphology. Repeated A-mode or B-
mode acquisitions can also be applied to observe motion within tissues in motion mode (M-mode)

[65,66].

Ultrasound elastography is an ultrasound imaging modality that detects spatial variation in
tissue stiffness based on the difference in internal deformation upon externally applied mechanical
compression. These deformations or strains are determined from the temporal shifts of
backscattered signals, which correspond to the locations of internal targets before and after the

applied compression [2].

1.3.1 Strain Elastography/ARFI

The simplest version of ultrasound elastography, strain S~—
~—
. \—--/
elastography, uses a manual compression from an external pad or Ax P
___________ 5 X

the transducer itself in contact with the tissue surface [67-69], as O

shown in Figure 1.1. A 2D strain map is generated for the tissues,

Figure 1.1: Schematic of
strain elastography. Blue arcs
represent ultrasonic pulses
applied to measure axial
deformation, Ax.

allowing for the qualitative measurement of spatial stiffness
heterogeneity, where higher local strains indicate a region of lower
stiffness and vice versa. While this approach can detect stiffness
heterogeneity in a tissue, it generally cannot provide absolute quantitative measures of the intrinsic
properties of a material because the stress field cannot generally be predicted in a complex spatial
environment [67]. Additionally, because this technique relies on manual force input from a

sonographer it suffers from low repeatability and high variability between users.

Acoustic radiation force impulse (ARFI) imaging utilizes longer higher intensity ultrasonic
pulses, often from the same transducer used for imaging, to induce a body force, called acoustic

radiation force (ARF), to generate internal deformation in tissue [2,70,71]. A-mode tracking pulses



are performed before and after ARF pushing or deformation, and a strain distribution along the
line of sight is generated in the same manner as conventional ultrasound strain elastography.
Pushing and tracking pulses are repeated at different positions to generate 2D elastograms,
showing the spatial variation in strain at some time following the push [68]. The use of ARF to
generate internal deformation in place of manual compression from the surface of tissue, called
remote palpation, may reduce the user variability, but this form of ultrasound elastography is not

without limitations.

While the manual pressure used in strain elastography will result in a static strain, ARF
pulses induce only a short duration of stress, with the strain returning to baseline shortly after the
pushing pulse ends. The kinetics of creep during the pushing pulse and the recovery afterwards
can be used to quantify the viscous material properties [69]. A variety of methods have been
developed to characterize these kinetic differences, utilizing both the single and multiple pushing

pulses [72-75].

As with strain elastography, measurements of stiffness are generally qualitative as the
accurate modeling of a stress field within heterogenous tissues with complex geometry can pose a
significant challenge. Additionally, the high-intensity pulses used to generate deformations may
cause heating both at the transducer and within the tissue [76—78]. Not only is the increase in
temperature damaging to tissue and engineered biomaterials, but it can also alter the material
properties such as elastic modulus and the speed of sound. To mitigate this effect, it is necessary

to limit the duration and framerate of ARFI imaging.

ARFI imaging has had a significant impact in clinical diagnostics as a non-invasive
modality to evaluate tissue stiffness, with important applications in the detection of cancer,

fibrosis, and heart disease [79—81]. Despite the success of this technique in demonstrating the



application of ARF for non-invasive tissue compression, it requires large tissue volume (on the

order of centimeters). However, these parameters are not suitable generally for biomaterial testing.

1.3.2 Shear-Wave Elastography Imaging

Shear wave elastography imaging (SWEI) detects shear waves traveling through a material
to measure a material’s mechanical properties [67,82,83]. Shear waves are generated using a
localized ARF pulse and travel radially outward. The
speed of these shear waves is measured using a time-
of-flight measurement taken some distance from the

origin point of the waves, as shown in Figure 1.2. Shear

modulus estimates can then be calculated from the
shear wave speed according to c2p = G, where c is the
speed of sound, p is the density, and G is the shear Figure 1.2: Schematic of shear wave

' ' elastography. Large blue arcs represent
modulus [84-86]. Viscous materials properties can also  high intensity ultrasonic pulses applied to

generate shear waves, and smaller arcs
be quantified by measuring the attenuation of represent the imaging pulses used to

measure the shear wave velocity.

propagating shear waves [85,87-89].

While capable of providing quantitative measurement of tissue modulus, overcoming the
qualitative limitations of strain elastography and ARFI, SWEI still generally requires large tissue
volumes on the order of several centimeters so that the traveling shear waves may be detected and
measured without boundary effects, like other clinical ultrasound imaging modalities [90]. Thus,

it is not suitable for quantitative assessment of small biomaterial samples.
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1.4 Soft Biomaterials
A wide variety of hydrogels have been developed or used within the field of tissue
engineering. Here we provide a brief discussion of a few of these material systems that were used

in RAR testing, including fibrin, gelatin, agarose, coagulin, and PEG gels.

1.4.1 Natural Biomaterials

Fibrin is a protein essential for hemostasis and thrombosis. It is important for wound
healing as well as several other biological functions and pathological conditions involving
extracellular matrix (ECM) [91]. During tissue and vascular injury, fibrinogen, a glycoprotein
complex that is made in the liver and circulates in the blood, is converted enzymatically by
thrombin into fibrin and then a fibrin-based blood clot. Interaction of fibrinogen and thrombin, a
serine protease, transforms the liquid solution into a gel meshwork of viscoelastic soft solid
characteristics. This gelation occurs in two stages, enzymatic and non-enzymatic. In the enzymatic
stage, thrombin cleaves two small peptides, fibrinopeptides A and B, from fibrinogen, forming
monomeric fibrin [92]. Monomeric fibrin will then spontaneously self-assemble in a staggered
format to form two-stranded protofibrils. Finally, the protofibrils will aggregate laterally to form
larger fiber of variable thickness and branching, making up the structure of a fibrin clot [93].
During coagulation in vivo this fibrin mesh will be furthered stabilized through covalent
crosslinking driven by Factor XIII, a transglutaminase [94]. The unique polymerization
mechanism of fibrin allows control of gelation times and network architecture; thus, a range of
soft substrates may be formed with tissue-like viscoelastic properties [95]. Fibrin gels are also
widely used for fabrication of hydrogel-based cellular scaffolds for tissue engineering and
regenerative medicine applications [4,48,96,97]. Assessment of the dynamic changes of the

rheological features of fibrin gels may provide insights regarding the complex blood coagulation
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process and exploration of fibrin as a versatile biomaterial with tunable biochemical and
mechanical properties.

Gelatin, formed from the hydrolytic degradation of collagen, has been used for centuries
to form gels, long before the advent of tissue engineering [49]. Gelatin has been primarily used in
the food industry, acting as a thickener and stabilizer in wide variety of foods [98]. Beyond culinary
applications, gelatin is used extensively in tissue engineering, being used in the development of
biomimetic platforms that can replicate a wide variety of soft tissues [99]. The precise structure of
gelatin polypeptide will vary depending on the source of collagen, as well as the degradation
method, but is almost always very thermally responsive. Above ~35-40°C gelatin will generally
dissolve and form a solution in water, with lightly crosslinked flexible peptide chains. When
cooled below this temperature, the gelatin polypeptide will revert to a more collagen-like helical
structure and will form a solid gel [49]. Because gelatin is not stable near physiological
temperatures, it is often necessary to form covalent crosslinks between peptide chains, resulting in
an increase in the thermal stability and mechanical strength [98]. Crosslinking using bifunctional
crosslinkers, like glutaraldehyde or genipin, or using an enzyme, such as transglutaminase has
been demonstrated to be effective in altering the mechanical and thermal behavior of gelatin [99—
101].

The Limulus Amoebocyte Lysate (LAL) assay is the current FDA standard for the
detection and quantification of endotoxin, utilizing the unique immune response of horseshoe crabs
where the presence of endotoxin initiates an enzymatic cascade leading to the formation of a solid
coagulin gel [102]. The detection of endotoxin in drugs or biomedical implants is critical for patient
safety. Endotoxin, or lipopolysaccharide (LPS), are fragments of the cell membrane of gram-

negative bacteria. While no longer pathogenic, these fragments are capable of driving a significant
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innate immune response, leading to severe and potentially fatal symptoms, including fever,
diarrhea, and septic shock [103]. The cascade is initiated when endotoxin binds to and activates
the enzyme factor C. Activated factor C activates factor B, which in turn cleaves the inactive
proclotting enzyme into the active clotting enzyme [104]. The aptly named clotting enzyme is then
responsible for cleavage of the hemolymph protein coagulogen to form coagulin, which is
polymerizes into the long macromeric chains necessary for the formation of a solid clot [102]. Due
to the role as the initiator of clotting cascade, small increases in endotoxin can drive substantial
changes in the rate of formation of a solid coagulin gel. Although different in purpose, defense as
opposed to hemostasis, this process is mechanistically analogous to the mammalian clotting
cascade forming a solid fibrin network [105].

While the materials describe above are all proteinaceous in structure, polysaccharide gels,
like agarose, have also been used extensively in tissue engineering. Agarose is extracted from
algae, and like gelatin forms a thermal setting gel. However, unlike gelatin which melts or sets
reversibly around the same temperature, agarose displays a setting-melting hysteresis, setting
around 35°C, but only melting or dissolving at much higher temperatures, often greater than 80°C
[34]. Agarose has been demonstrated to be biologically inert, however, it does not have moieties
for cell attachment, such as Arg-Gly-Asp (RGD) peptide sequence for integrin binding, requiring
modification or addition to support the growth of adherent mammalian cells [106]. Compared to
the fibrous structure of fibrin and gelatin, agarose gels have a much more homogenous network

structure with smaller pore sizes [107—109].

1.4.2 Synthetic Biomaterials
Polyethylene glycol (PEG) hydrogels represent an important class of synthetic hydrogels

[110]. Unlike natural materials, synthetic hydrogels can allow for the independent tuning of a wide
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variety of mechanical and chemical properties [10]. Changes to the density, length, branching, or
cross-linking in the polymeric backbone can all dramatically affect the viscoelastic properties of
the hydrogel [111]. While fundamentally biologically inert, these matrices can be chemically
modified, such as providing binding sites for the adhesion of cells or attachment of signaling
molecules and adding degradable moieties for cellular remodeling, enabling controlled interaction
between the cells and their synthetic ECM environment [52,112,113].

Photopolymerization provides an attractive strategy for the fabrication of PEG hydrogels
by allowing for crosslinking with a high degree of spatial and temporal control. Due to this
versatility, these materials have been used in a wide variety of 3D cell culture applications as a
modular artificial ECM. They have also shown efficacy in 3D bioprinting, with precise temporal
control of crosslinking enabling rapid gelation only after extrusion of the prepolymer solution
[114]. Substantial research has shown the benefits of photopolymerization reactions using thiol
and norbornene groups, where the crosslinking reaction is rapid and highly cytocompatible,
requiring low free-radical concentrations and a physiological pH [53]. In order to maximize the
viability of cell, encapsulated in these hydrogels, is important to characterize the kinetics of a
crosslinking reaction, minimizing the exposure of cells to damaging UV light and generated free
radicals. RAR is an excellent tool for this application, with the non-contact experimental system
allowing for easy UV irradiation and the use of extremely short pushing impulses enabling

mechanical sampling rates sufficient to monitor reactions occurring in just a few seconds.

1.5 Resonant Acoustic Rheology
Similar to how a musician tests the tuning of a drum, striking the surface and listening to
the generated resonant tones, RAR generates and detects resonant surface oscillation in a material

(Fig. 1.3A).
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Figure 1.3: A) Schematic of RAR. Large red arcs represent the high intensity ultrasonic pulses generating
surface waves and the blue arcs represent pulses used to detect motion. Blue waves are those generated by
the initial perturbation, and the teal waves are those reflecting from the boundary. B) RAR experimental
protocol, showing 1) a series of tracking pulses with a single push, 2) a representation of shifting surface
reflections in collected A-lines, and 3) a calculated displacement time-series.
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Modeled as a damped harmonic oscillation, the resonant phenomenon is used to
characterize the mechanical properties of soft biomaterials. RAR takes advantage of the rigid,
cylindrical wells of the plastic microplates often used in cell culture and tissue engineering
applications, applying the ARF of a focused ultrasound pulse to generate an initial surface
perturbation at the sample center which leads to surface waves traveling outward, reflecting off
the rigid boundaries, and establishing standing 2D surface waves that are radially symmetric
through interference (Fig. 1.3A). Specifically, RAR utilizes synchronized ultrasound pulses to not
only generate deformation via ARF but also to track the resonant oscillations on the surface of soft
biomaterials using pulse-echo ultrasound signals, as shown in Fig.1.3B. As with the ARF driven
perturbation, ultrasound pulses used for motion estimation are targeted at the center of the sample

surface, where the amplitude of the resonant oscillations is greatest. The characteristics of these
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resonant surface waves, such as frequency and damping, can be used to calculate viscoelastic
material properties, including shear modulus and viscosity [115,116]. RAR is completely non-
contact, can be performed in a wide variety of sample materials, and takes only a fraction of a

second to perform each measurement [42].

1.5.1 Resonance-based techniques

Several techniques have exploited the use of ultrasound induced resonant phenomena for
mechanical characterization. Sonic Estimation of Elasticity via Resonance (SEER) utilizes a
resonant shear waves to measure evolving viscoelastic properties during blood coagulation [90].

This technique is used by Hemosonics (https://hemosonics.com/) in their Quantra Hemostasis

Analyzer. Blood samples are added to proprietary cartridge system that warms the blood, mixes
it with reagents to induce or alter coagulation, and moves it to a conic test chamber where an
ultrasound pulse is applied to generate resonant oscillation of the sample volume via the ARF.
Although the force application in SEER also utilizes the ARF of an ultrasound pulse, the technique
is fundamentally different from RAR, because SEER activates the whole sample through shear
forces in the sample volume, while RAR specifically induce and detects surface waves of a sample.
Shear waves propagation is driven by elastic forces, limiting this technique to measurements of
blood once it has developed an elastic fibrin network. Additionally, ultrasonic tracking of shear
waves requires acoustic scattering elements in samples (like blood cells) and would be unable to

generate measurements in homogenous materials.

A recent development by Rheolution (https://rheolution.com/) established a technique,
called viscoelastic testing of bilayered materials (VeTBiM), which utilizes a custom cylindrical
sample holder with a soft elastomeric bottom [41]. Resonant surface oscillations are generated

external vibration of the entire holder, and the resonant oscillations of the bilayer construct are
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measured from the bottom using an optical sensor. The technique is limited by the requirement of
these custom sample holders, with their highest throughput system limited to 3 samples at a time.
In contrast, RAR uses integrated ultrasound systems for both generation and detection of resonant

surface oscillations, enabling the use of standard labware for high-throughput operations.

1.5.2 ARF applied to air-liquid surface

Acoustic droplet ejection (ADE) methods use an ultrasonic toneburst directed through the
bottom of a microwell plate to apply localized force due to the ARF of the ultrasound field at the
surface [117]. When the ARF exceeds the surface tension and gravity, a droplet of liquid may be
generated. ADE techniques use the ARF of the ultrasound pulse to expel nanoliter and picoliter
droplets of liquid from the well. While the operation objective of ADE is completely different
from that of RAR, a study exploited the use of an ADE system and patented by the company (EDC
Biosystems, now acquired by Beckman Coulter, Inc.) for assessing the surface tension and
viscosity of liquids by generating a surface perturbation and calculating the surface tension from
the oscillation frequency and viscosity from the exponential decay [118,119]. However, this study
treated the liquid surface oscillation as a vibrating membrane, not as actual waves on a fluid
surface, and calculated the surface tension as ¢ = pc?, where p is the density of the membrane
and c is the wave phase velocity. While treating the liquid surface as a membrane may provide a
simplistic model, it did not capture the physical mechanisms of surface waves on liquid and
determination of the density and the thickness of a liquid surface was also problematic. Instead of

a membrane, the surface wave on a liquid should be described by capillary waves with the

. . . K3 o
dispersion relation of w? = UT, where the angular frequency, w, and wavenumber, k. Utilizing
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the dispersion relation, as well as the surface wave phase velocity of ¢ = %, the correct formula

2
. . (o4
for surface tension is calculate as 0 = pT-

In contrast, RAR fully incorporates the surface hydrodynamics analysis of surface waves
both in liquid and viscoelastic solids in the treatment of surface waves and oscillations. By
generating and detecting resonant surface waves, we develop RAR to not only quantify

viscoelastic liquid properties, but also characterize the viscoelastic behavior of solid materials.

1.5.3 Surface hydrodynamics

There is an extensive body of literature exploiting surface hydrodynamics to study
mechanical properties of liquid and soft materials [115,116,120-123]. Excited surface wave
methods typically generate travelling surface waves using thermal, electrical or direct mechanical
perturbations and measure the timing and spatial profile of the waves using laser profilometry or
optical imaging, finding the speed (c), wavelength (1), and damping (I') [115,116,121]. Light
scattering methods, such as surface quasi-elastic light scattering, detect the surface modes resulting
from thermally driven surface roughness [94,96]. However, these techniques generally avoid wave
reflections at boundaries and are limited to large surface areas and requires integrations of multiple
instruments [115]. While long history of investigations generated significant progress regarding
surface hydrodynamics [123], these previous studies were also restricted to slow operation and
low throughput. In Chapters 2 and 3 we provide a detailed description of the integration of

hydrodynamic models in the RAR method.

1.5.4 Advantages of RAR

Sample Flexibility
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By utilizing the air interface above our samples, we are able to gain a number of key
benefits. The air-liquid or air-solid interface behaves as a near perfect reflector. The acoustic
radiation force generated by reflection at the interface is much greater than that generated by

absorption within a material, allowing for higher localized displacements with lower acoustic

. .. . 21 . .
intensities. The pressure at the surface of a perfect reflector will be - which is double the pressure

. . I . . . .
in the case of perfect absorption, > where / is the temporal average intensity and c is the speed of

sound [63]. The hydrogels and soft materials that have, and will be, tested using RAR will be far
from perfect absorbers, resulting in far lower applied forces. The only exception to this may be in
the case of extremely thick samples, where attenuation due to both scattering and absorption may

reduce the surface intensity to a degree that the pressure due to reflection no longer dominates the
. 2al . . . o . .
body force described by %, but this is unlikely in any real material in a conventional microplate

geometry [2]. Additionally, the high intensity reflections from the interface provide a very high

signal-to-noise ratio for tracking displacement.

Another important benefit of our approach is eliminating the need for absorbing and
scattering elements in a material. Most ultrasound elastography approaches, including the SEER
method, rely on absorption in a material to generate acoustic radiation force for internal
displacements and scattering elements in the material, such as cells, to generate echoes that can
track these displacements [66,124]. RAR can measure materials regardless of absorption and

scatterers, giving use much greater flexibility in the materials we measure.

A key benefit of our technique is being able to measure properties of materials in both solid
and liquid states. This is particularly important when exploring material transitions, like the

coagulation of blood. Shear waves from internal displacements, as used in SWEI and SEER, can
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only be generated and tracked in solid materials. Surface waves, on the other hand, can be
generated on both solid and liquid materials, and we are able to look at waves propagating due to
the elasticity (Rayleigh Waves), surface tension (Capillary Waves), or a combination of the two

(Pseudocapillary Waves) [116,122].

Microplate Compatibility

The transducers used in RAR are attached to a 3D motion platform, allowing for the
automated control of transducer position relative to a microplate affixed to a custom stage. This
motion system allows for rapid movement, enabling high-throughput testing in microplates with
as many as 96 samples. This motion system is flexible, allowing for testing of multisample arrays

of any geometry or arrangements with only small changes to the automation script required.

It 1s essential for the transducer to be aligned at the center of the cylindrical sample to
generate radially symmetric resonant waves [89]. Taking advantage of the imaging capabilities of
ultrasound, an automated protocol was developed, using echoes from pulsed ultrasound to locate
the edges of the well and calculating the exact center of each well from these positions. This
method can account for translation, rotation, and warp in plates that would otherwise result in
inaccurate measurements. Reflections from the surface of samples are used to perfectly align the
focal point of the transducer with the sample surface. This allows for the system to compensate for

small differences in sample thickness that might otherwise skew results.

1.6 Dissertation structure

A thorough explanation of the RAR theory and methodology is presented in Chapter 2. The
independence of RAR measurements from ARF pulse parameters was verified in hydrogels of
various stiffness. An FEA model of acoustic stimulation was also developed to predict the modes

of resonant oscillation and enable the calculation of viscoelastic material properties. The
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viscoelastic measurements generated in RAR were validated using shear rheometry for
measurements of stable fibrin, gelatin, and agarose gels, as well as for fibrin gels during the process

of gelation. The major content of Chapter 2 has been published in a peer-reviewed journal [42].

Chapter 3 of this dissertation presents an expanded exploration of the liquid to solid
transition during hydrogel gelation using RAR. This chapter demonstrates the capability of RAR
to identify, and utilize, multiple varieties of surface waves to quantify viscoelastic material
properties during a multistage transition from liquid to solid. The transition was observed in natural
and synthetic hydrogel systems at multiple timescales. Finally, viscoelastic phenomena were
identified during the phase transition and applied to the development of a quantitative gel clot LAL

assay. A manuscript that contains the content of this chapter is in preparation.

A key difference between RAR and any conventional material testing methodology is the
sample throughput capability of this non-contact technique. Chapter 4 highlights the potential for
rapid, non-contact measurements to enable combinatorial viscoelastic testing of dynamic
materials. This potential is demonstrated through model systems of crosslinked fibrin and gelatin
hydrogels, systematically uncovering the interconnected roles of polymer concentration, gelation
kinetics, crosslinking kinetics, and crosslinking mechanism. A manuscript including results from

this chapter is in preparation.

Chapter 5 summarizes the key findings from Chapters 2, 3, and 4, providing further
explanation on how RAR, as demonstrated in these studies, may be able to improve material testing
capabilities in a variety of fields. Finally, we discuss future applications, where high-throughput
non-contact measurement may be particularly consequential, as well as the continued technical

development of RAR, aiming to improve the efficiency and flexibility of this system.
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Chapter 2 Development and Validation of Resonant Acoustic Rheometry (RAR)
*Part of Chapter 2, Copyright © 2021 Elsevier B.V. or its licensors or distributors
2.1 Introduction

The mechanical properties of the cellular microenvironment are an important regulator of
cellular phenotype [1,2]. To this end, hydrogels have been used extensively in the field of tissue
engineering as a synthetic extracellular matrix, providing a valuable biomaterial platform to
recapitulate the structure and function of a variety of biological tissues. These biomaterials consist
primarily of water-infused networks of hydrophilic polymer chains and are typically soft and
viscoelastic. Hydrogels can be made from a wide variety of natural and synthetic polymers and
can be modified to exhibit specific biochemical cues for regulating cellular phenotype [3]. Their
mechanical properties can vary widely despite the high volume-percentage of water common to
all hydrogel materials. Both the elastic and viscous components of the extracellular matrix have
been implicated as important effectors in controlling cell function [4,5]. Therefore, the capability
to measure and analyze the viscoelastic properties of biomaterials is important in tissue
engineering applications.

Compared to solid polymers or metals, mechanical testing of hydrogels can be particularly
challenging due to their relatively low elastic modulus, viscoelastic nature, and biphasic structure
[6]. Common material testing approaches include tension, compression, indentation, and shear-
based approaches [6,7]. Each of these methods operates by applying a defined deformation or force
to a sample and then measuring the material response. The viscoelastic behavior can be assessed

from time-dependent material responses, such as creep and stress relaxation [8]. However, the
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deformation required by these techniques is generally achieved by physical contact, which can
result in contamination and damage, thereby limiting these approaches to a single end-point
measurement for each sample [9]. In addition, the viscoelastic properties of hydrogels are rarely
static, as they undergo continuous change due to swelling, enzymatic degradation or crosslinking,
and in some cases cell-mediated remodeling [10,11]. Therefore, there is a need for methods
capable of longitudinal tracking of the mechanical properties of these materials as they change
over various time scales.

Ultrasound techniques that use acoustic radiation force (ARF) to induce deformation to a
sample have been exploited as a non-invasive strategy to evaluate both the static [12—14] and
dynamic [15-18] mechanical properties of biomaterials and tissues. These approaches can map the
spatial mechanical heterogeneity in a tissue region based on the differential deformation within a
specific volume. However, they generally do not provide quantification of the intrinsic material
properties since this requires knowledge of the ultrasonic field and the acoustic attenuation of the
material being tested. Shear wave-based methods [19-21] are independent of the spatial profile of
the ultrasonic field but require relatively large sample volumes unless resonant shear waves are
examined [22-24]. Importantly, ARF-based elastography techniques require 1) sufficient acoustic
absorption in a material to generate the ARF required to induce material deformation and 2) the
presence of scattering elements within the material (e.g. cells, microparticles, bubbles), to generate
detectable echoes for tracking of deformation using ultrasound imaging. These requirements
prevent the use of these techniques in soft materials such as the hydrogel constructs commonly
used in tissue engineering studies, which are often small in size, with low acoustic absorption

coefficients and weak acoustic scattering.
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To overcome these limitations, we have developed a new non-contact technique, resonant
acoustic rheometry (RAR), to quantitatively characterize the intrinsic mechanical properties of soft
hydrogel materials. RAR uses a focused ultrasound pulse to generate a controlled perturbation at
the surface of a liquid or hydrogel sample and detects the ensuing resonant modes of surface waves
using pulse-echo ultrasound imaging. Measurement can be performed in a standard cell culture
microwell plate, and the process can be automated for high-throughput analysis. RAR capitalizes
on the specific resonant modes of a hydrogel sample to extract viscoelastic material properties
[25,26]. Importantly, the air-sample interface is a near-perfect reflector of ultrasound, and
therefore the generation and detection of surface movements are highly efficient and do not rely
on the absorptive or scattering behaviors of the bulk material [27]. In the present study, we have
explored the use of RAR for characterizing the mechanical behaviors of hydrogel biomaterials
commonly used in tissue engineering. In particular, the technique was used to noninvasively
measure the viscoelastic properties of fibrin, gelatin, and agarose hydrogels at a variety of polymer
concentrations. The results were validated using finite element analysis, as well as through
comparison with conventional shear rheometry. In addition, the change in mechanical properties
over time was measured in fibrin hydrogels during the process of thrombin-catalyzed gelation.
Taken together, these studies demonstrate that RAR has the potential to be a valuable new tool in

the characterization of soft biomaterials used in a variety of applications.
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2.2 Materials and Methods

2.2.1 Sample perturbation using ultrasound
Figure 2.1 shows the experimental setup used for RAR. A custom ultrasound transducer
with two collinearly aligned elements was submerged in a temperature-controlled water tank and

directed upwards at the center of a well in a microplate to excite and detect movement at
1 -
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Figure 2.1: (A) Schematic diagram of the RAR experimental system with a focused ultrasound
transducer aligned beneath a microplate for generating measurements through the sealed plate bottom. (B)
A-line generated from pulse-echo at time points just prior to (time I) and following (time II) ARF
excitation. (C) Schematic of coordination of imaging and excitation pulse sequences. (D) Exaggerated
illustrations showing surface deformations at selected time points (I, 11, I1I, and IV) during a RAR
experiment. ARF intensity field is depicted at times during excitation (I and II).

the surface of a sample (Fig. 2.1A). The bottom of the microplate was affixed just below the water
surface for efficient acoustic coupling. The transducer was attached to a 3D motion control

platform (Velmex), allowing for automated positioning for initial alignment and testing of
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materials in multiple wells in a single experiment (Fig. 2.2A shows an image of transducer
alignment with a sample in a 96-well plate). The transducers were aligned with the center of the
circular sample surface in order to minimize the generation of asymmetric modes of surface
oscillation and to maximize the measured displacement by focusing at the central antinode. The
outer annular element of the ultrasound transducer had a center frequency of 1.5 MHz and the
inner circular element had a center frequency of 7 MHz and a focal distance of 48 mm. The lower
frequency of the pushing transducer minimized attenuation and enabled high power transmission
through the microplate and sample, while the higher imaging frequency allowed for higher axial
resolution. The 1.5 MHz annular element was driven by a waveform generator (33220A; Agilent)
and a power amplifier (75A250; Amplifier Research) and was used to generate an exciting

ultrasound pulse to induce surface deformation through application of a controlled ARF.
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Figure 2.2: A) Image of RAR setup, showing a two-element ultrasound transducer submerged in a heated
water bath, beneath a 96-well microplate. The inner (imaging) transducer is outlined in blue and outer
(excitation) transducer is outlined in green. Inset shows the centered alignment of transducers directly

beneath a microplate well containing a hydrogel sample. B) Expanded image of RAR setup showing
entire 96-well plate and copper heating coils. C) Block diagram of RAR experimental system, showing
equipment used to generate and record ultrasound signals for each transducer element.
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2.2.2 Ultrasound pulse-echo detection of surface movement

The inner imaging transducer (-3 dB beam width ~ 0.5 mm) was used in pulse-echo mode
to identify the bottom and top surfaces of the samples. This was facilitated by the strong reflections
from the air-sample and sample-microplate interfaces (Fig. 2.1B). The microplates used in this
study are polystyrene (acoustic impedance (Z) of 2.49x10° g/cm®-sec, density of 1.06 g/cm?, and
sound speed of 2350 m/s) with an acoustic intensity reflection coefficient of approximately 0.065
at an interface with water (Z of 1.48x10° g/cm?-sec, density of 1.0 g/cm’ and sound speed of 1480
m/s). While sufficient for the detection of the plate bottom, this reflection coefficient is much less
than the air-liquid surface, which is a nearly perfect reflector (reflection coefficient of almost 1)
due to the huge impedance difference between water and air. The transducer elements are focused
on the sample surface using an automated protocol: measuring the delay of the echo from the air-
sample interface, calculating the position of the sample surface, and moving the transducer to the
correct distance. Surface displacement was determined from the temporal shifts of the second peak
relative to the pre-excitation signal using a normalized cross-correlation algorithm with a ten-
wavelength window. The sample was stationary at the bottom surface and therefore the relative
change of the sample surface location was used to represent the surface displacement, without
systemic electrical or mechanical biases. The imaging element was driven by a pulser/receiver
(5900PR; Olympus) and A-line backscattered RF signals are received and digitized at a sample
rate of 250 MSamples/s using a digital oscilloscope (54830B; Agilent). A pulse generator (Model
565; BNC) was used to synchronize the excitation and tracking ultrasound pulses from the two
transducer elements (Fig. 2.1C). All instruments were controlled using a custom MATLAB
(MathWorks) script, allowing for high-throughput automated testing. Single time point RAR

involved application of one excitation ultrasound pulse to induce surface perturbation followed by
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a series of rapid pulse-echo interrogations (pulse repetition frequency 4000 Hz, or a 250 us time
interval) to detect the kinetics of surface perturbation. For longitudinal monitoring over time, RAR
was applied at regular intervals to track changes in mechanical properties as the materials gelled.
This mode of analysis was possible because the time scale of material changes was much longer

than that of the surface oscillation.

2.2.3 Hydrogel material preparation

A 10.0 mg/ml (clottable) fibrinogen stock solution was prepared by dissolving lyophilized
bovine fibrinogen (F8630, Sigma) in phosphate buffered saline (PBS; Gibco) at 37°C. The
fibrinogen solution was filtered using a 0.2 um PVDF syringe filter and diluted with PBS to
generate 2.0, 4.0, 6.0, and 8.0 mg/ml concentrations. A 50 Unit/ml bovine thrombin (T6634;
Sigma) stock solution was prepared in a sterile-filtered solution of 0.1 %w/v bovine serum albumin
(Sigma) in DI water. A 10.0 mg/ml agarose stock solution was prepared by dissolving agarose
powder (Type 1-A; Sigma) into PBS with continuous stirring heating and stirring. The solution
was transferred to a 50 °C water bath and was diluted with pre-heated PBS to generate additional
solutions with 1.0, 2.0, 4.0, 6.0, and 8.0 mg/ml agarose concentrations. A 100 mg/ml gelatin stock
solution was prepared by dissolving bovine gelatin powder (200 Bloom, 30 mesh; Gelatin
Innovations) into PBS with continuous stirring heating and stirring. The 100 mg/ml gelatin
solution was diluted with pre-heated PBS to generate solutions with 10, 20, 40, 60, and 80 mg/ml

gelatin concentrations.

2.2.4 Hydrogel preparation for end-point characterization of viscoelastic properties
Fibrin gels were prepared for end-point measurement by combining the prepared
fibrinogen solutions with 50 U/ml thrombin at a 500:1 ratio and pipetting to mix. Immediately

after mixing, 100 pul volumes were pipetted into 96-well untreated polystyrene microplates with a
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190 um polystyrene film bottom (uClear, Greiner) for RAR and 500 ul volumes were pipetted into
24-well untreated microplates (Falcon) for shear rheometry measurements. Adhesive plate seals
were applied to minimize sample dehydration and samples were allowed to gel at 37 °C for 24
hours and then 4 °C for 24 hours prior to testing. Agarose and gelatin samples were prepared in a
similar fashion by direct pipetting into the appropriate sample holders for RAR and shear

rheometry and were then sealed and allowed to gel at 4 °C for 48 hours prior to testing.

2.2.5 Hydrogel preparation for dynamic measurements of mechanical properties

To demonstrate measurement of changes in mechanical properties of samples over time,
fibrinogen solutions were pre-heated to 37 °C and combined with 50 U/ml thrombin at a 500:1,
250:1, or 125:1 ratio to produce solutions with thrombin concentrations of 0.1, 0.2 and 0.4 U/ml,
respectively. After mixing, 100 pl volumes were immediately pipetted into 96-well microplates
(uClear, Greiner) that had been coated with a fluorosiloxane (Syl-Off; Dow). Adhesive plate seals
were applied to minimize sample dehydration and testing was initiated exactly 60 seconds
following the addition of thrombin. A custom MATLAB script was utilized to automatically test

each sample every 30 seconds for a total 30 minute tracking period.

2.2.6 Determination of mechanical properties using RAR

We employed specific hydrodynamic models to extract elastic and viscous properties of
hydrogels from RAR measurements of surface wave motion. Selection of a specific model to be
used was based on the nature of the surface waves and state of the materials, as described in the
following subsections.

Rayleigh waves. Rayleigh waves are the dominant mode of surface waves propagating on

solid hydrogels, where the restoring force associated with elasticity dominates over surface tension

39



or gravity. In the solid-like regime, % > 1, where (0 = w + il is the complex angular frequency,

the angular frequency of Rayleigh wave has been found to follow the ideal law [28]

Gk?
wo = £, [1]

where p is the material density, k the wavenumber, and [ a Rayleigh/shear wave proportionality
[29]. Therefore, shear modulus G can be obtained based on RAR measurements of angular

frequency and wave number of the surface waves, using the following equation

_ wo?p
6=t 2]

Since hydrogels have a density close to water, we used p = 1000 kg m™~3 and B =
0.91 in this study [29]. A 100 pl sample volume was used per well for 96-well untreated
microplates in RAR, resulting a sample thickness of h ~ 3 mm. Depth effects are ignored in the

surface wave dispersion relation since tanh(kh) > 0.99 for wavenumbers in this study (k > 1000 m

1).
The damping coefficient of Rayleigh surface waves [30] is determined as
= 0.45nk? 3]
P) s

from which the viscosity 7 of the material can be determined as

__Tp
M= oaskz - [4]

Capillary waves. In liquids that do not have an elastic component, small wavelength (< 1
cm) surface waves are driven primarily by surface tension. In liquid-like regimes and low

viscosity, the real part of the angular frequency (1 can be approximated by the Kelvin frequency

wo? ==+ gk, 5]
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where k is the wavenumber, o the surface tension, and g the gravitational acceleration which may
be ignored for waves with small wavelength. The damping coefficient of a capillary wave is given
by [30]

_ 2nk?
r==-, [6]

from which the viscosity 1 of the liquid is obtained as

rp
= [7]

Pseudo-capillary waves. For viscoelastic liquids and soft gels, both surface tension and
elasticity may act as a restoring force to drive surface waves in the materials. These surface waves
may be described as pseudo-capillary waves, and the dispersion relation includes both restoring

forces [31]

5 ok® Gk?
Wy =—+4—. 8
0 P P [8]

Resonant modes of surface waves. For samples with limited dimensions such as those in
our experiments, resonant modes of surface waves are established due to the presence of a
boundary, in our case the microwell wall. For a circular surface with a fixed boundary condition,

the wavenumber of the resonant waves must satisfy the following relation,

k==, [9]

T

where 7 1s the radius of the circular surface and a,, , the n™ root of the m™ order Bessel function.

Measurement of material properties such as surface tension and modulus using RAR is not
affected by the sample radius. While the sample radius dictates the resonant wavenumbers
allowable in RAR measurements (Equation 9), the measured resonant frequency is determined by
the material property given the wavenumbers, as described by equation 1, 5, or 8, depending on

the nature of the surface wave.
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RAR is not limited to samples of specific radius. As examples, RAR measurements in this
study were taken of hydrogels cast into 96-well and 48-well microplates, creating samples with
diameters of 6.7 mm and 9.8 mm respectively (Fig. 2.10). Sample radius is inversely related to
wavenumber (Equation 9), and as predicted by the Rayleigh wave model (Equation 1), the natural
frequency decreases with decreasing wavenumber (increasing radius). Calculation of viscoelastic
properties from resonant RAR parameters allows for mechanical measurements of samples with
various diameters.

The use of resonant surface waves in RAR enable the use of the wavenumbers determined

by the geometry of the sample surface, thus eliminating the need to measure both wave frequency

and wave speed (c = %) to determine material properties from the corresponding dispersion

relations. This distinction is important because measurement of traveling surface waves requires a
large surface area.

Data analysis and determination of mechanical properties from RAR measurements. We
modeled the resonant surface displacement generated and detected in RAR, x(t), as an
underdamped harmonic oscillator

x(t) = Age sin(wqt), [10]
where A, is the initial surface displacement amplitude, w, the apparent frequency, and I' the
damping coefficient.

A, was determined directly by fitting experimental data of surface displacement to
Equation (10). We performed a least-squares curve-fitting for Lorentzian peaks on the main peak
of the power spectrum from the measured surface displacement data using the findpeaksL function

(https://terpconnect.umd.edu/~toh/spectrum/PeakFindingandMeasurement.html) for MATLAB to
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identify w,, the peak position, and T', the half-width at half-maximum (HWHM) [32]. We then
calculated the intrinsic or natural frequency w, of the surface oscillation

wo = Jor 2 ¥ T2, [11]
which was used to determine the modulus and viscosity using the correspondingly appropriate
dispersion relation, in conjunction with Equation (4) or Equation (7), depending on the nature of

the surface waves.

2.2.7 Finite element analysis (FEA) modeling of RAR using COMSOL

Empirical RAR data were validated by simulating the response of a 3-dimensional (3D)
hydrogel to ultrasound excitation and determining the expected surface displacement at the center
of the sample using finite element analysis (FEA). An FEA model was generated using COMSOL
by replicating the specific sample and excitation parameters used in RAR measurements (100 pl
samples in a 96 well plate). A 2D axisymmetric model was created for the cylindrical sample
geometry with a 3.2 mm radius and 3 mm height. The Structural Mechanics module was used to
model the mechanical behavior of the sample as a linear viscoelastic material with fixed boundaries
on the bottom and cylindrical sides, where the sample would contact the rigid microplate, as well
as a free boundary on the surface of sample. A pulsed boundary load was defined on the sample
surface using a Gaussian distribution to model the acoustic pressure field of the focused transducer.
A time dependent study was performed to model the displacement distribution both inside the
material and at the top surface as a function of time, capturing the response of the material to

ultrasound excitation.

2.2.8 Shear rheometry
The storage modulus G’ and loss modulus G" of hydrogels were measured using a parallel-

plate AR-G2 rheometer (TA Instruments) with an 8 mm diameter head using samples made in the
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same manner as those characterized by RAR. Due to the rapid stress relaxation of low
concentration hydrogels, a gap height of 1.7 mm was used for all samples to ensure full contact
with 500 ul gels cast in 24-well microplates. The plate was centered in the microwell to minimize
edge effects. An 8 mm disk of 800 grit sandpaper was adhered to the measurement head prior to
testing to prevent slipping. Endpoint shear measurements of fibrin, gelatin, and agarose hydrogels
with known concentrations were performed at 20 °C. A frequency sweep was performed for each
sample, ranging from a 0.1 to 10 Hz oscillatory frequency. Oscillatory frequencies greater than 1
Hz showed substantially increased variability due to the instrument inertia, which was observed in
raw phase angles greater than 90° [33]. A strain sweep was subsequently performed for each
sample using an oscillation frequency of 1 Hz with strain amplitude ranging from 0.1% to 10%.
Measurements used in subsequent analysis were taken from the strain sweep with strains selected
for each material to stay within the linear viscoelastic region.

Fibrin gels for dynamic shear measurements were prepared using the same protocol as with
RAR, except that 500 pl volumes were pipetted into 24-well microplates that had been heated to
37 °C on the rtheometer’s Peltier stage. One minute after thrombin addition, a 30 minute time sweep

was started, with an angular frequency of 1 Hz and strain amplitude of 1 %.

2.2.9 Comparison of RAR and shear rheometry measurements
To directly compare the viscoelastic parameters of hydrogels measured using RAR (G
and ) and shear rheometry (G’ and G"), a Kelvin-Voigt (KV) model was used to relate the
complex shear modulus G* with the values of G, 7n,and w, obtained from RAR [29],
G"=G+iwgn, [12]
and with the G'and G" obtained from shear rheometry [34]

G*=G"+1iG". [13]
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Equating equation (12) and (13) produces
G=G, [14]
won =G". [15]
To examine the relative contribution of viscous and elastic components of the complex

modulus for both techniques, the loss factor tan(§) was calculated using

tan(6) = & = 21, [16]

which provides a measure of how well a dynamically deformed material dissipates energy.

2.2.10 Statistical analysis

All data are presented as mean + 95% confidence interval. Analysis of variance (ANOVA)
was performed for results involving more than two variables, using an F-test with significant
variable defined according to p < 0.05. Differences between groups were determined using a

Student's two-tailed t-test with a Bonferroni multiple comparison correction, such that differences

were considered statistically significant when p < % for « = 0.05 and m is the number of

comparisons tested on a figure.
2.3 Results and Discussion

2.3.1 Generation and detection of resonant surface waves using RAR

Figure 2.3 shows RAR data collected on fibrin hydrogel samples with varying
concentrations. The left panels of Figs. 2.3A, B, and C are representative M-mode images from
fibrin gels with concentrations of 4.0, 6.0, and 8.0 mg/ml, respectively. The vertical axis in these
images represents the vertical location (z) along the line-of-sight of the ultrasound pulse, with
reference point z = 0 set at the equilibrium location of the sample surface (z =0, t = 0) before RAR

excitation. The horizontal axis represents the time course of pulse-echo imaging at a PRF of 4 kHz
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M-mode Surface Displacement Power Spectrum

A —_~
. , E 100 ‘ N
£ = 0150 Lorentzian Peak Fit
T 2 S 50 © + w, = 604 rad/s
S < 0 = 100t I = 109 rad/s
£ £ g o g
e 4 8 2 50
Q =
- O Q. 50 . X o 0
- ! @2 70 0.02 0.04 0 1000 2000 3000 4000 5000
Time (s) o Time (s) Angular Frequency (rad/s)
B _—
E 100
B vs 5 30} Lorentzian Peak Fit
E 3 % 50 e w, = 980 rad/s
- = 0 — 20} =190 rad/s
c £
g S o 0 o
© 4 B8 5 10}
e a 50 o
- £ 70 0.02 0.04 0 1000 2000 3000 4000 5000
o Time (s) Angular Frequency (rad/s)
C —_
£
T 3 -4 Lorentzian Peak Fit
~ : orentzian Peak Fi
T = € 5 2 + w, = 1441 radis
5 E’ 0 g .5';2 I =284 radls
E 2 g o g
o 3 ©
O © ¢)
[¢] -1 a 5 o
- 0.02 0.04 g 0 0.02 0.04 0 1000 2000 3000 4000 5000

Time (s) Time (s) Angular Frequency (rad/s)

Figure 2.3: M-mode grayscale images showing pulse-echo surface reflections during RAR measurements
(left panels), surface displacement versus time (center panels), and frequency power spectrums for
oscillatory surface displacements (right panels). Experiments used fibrin hydrogels at concentrations of
(A) 4.0 mg/ml, (B) 6.0 mg/ml, and (C) 8.0 mg/ml.

(i.e. time interval of 250 us between pulses). Brightness in the image represents the amplitude of
the received RF signals. The strong reflection from the air-sample interface is clearly evident.
Upon application of the excitation ultrasound pulse at t = 0.005 s, the surface location was
displaced upwards, and the evolution of the surface oscillation could be observed over time from
these images. The center panels of Fig. 2.3A-C show line plots of z(t) to more clearly show the
surface oscillations for these samples. The amplitude of the waves decreased with increasing fibrin
concentration and the displacement time curves clearly exhibited the characteristics of a damped
harmonic oscillator. The corresponding power spectra of the surface oscillations (right panels of
Fig. 2.3A-C) show that the resonant frequency (w-) increased with increasing fibrin concentration,
which was accompanied by widening of the HWHM, indicating increased stiffness and damping

coefficients in gels at higher fibrin concentration.
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2.3.2 Characteristic parameters of resonant surface waves measured using RAR

Figure 2.4 shows the characteristic parameters of surface waves produced in hydrogels and
how they were affected by the amplitude and duration of the excitation ultrasound pulse. In this
study, fibrin gels of defined polymer concentration (2-10 mg/ml) were characterized with RAR
using one of two acoustic pressures (2 MPa or 3 MPa), and for a duration of either 33 s or 66 ps.
At a given fibrin gel concentration, the natural frequency of the resonant mode of the surface waves

(wg) was unaffected by the amplitude and duration of the acoustic excitation (Fig. 2.4A).
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Figure 2.4: Comparisons of A) natural frequency (wg), B) damping coefficient (I'), and C) maximum
displacement (4g) extracted from RAR experiments using multiple ARF excitation pressures (2 and 3
MPa) and durations (33 and 66 pus) on fibrin gels with concentrations between 2 and 10 mg/ml. Error bars
represent a 95% confidence interval (n=4). Lines above bars indicate statistically significant differences at
p <0.05.

Similarly, the damping coefficient (I') showed little change with varying excitation
acoustic pressure and duration (Fig. 2.4B). However, increasing the fibrin concentration
significantly and consistently increased the resonant frequency and damping coefficient, indicating
that gels with higher fibrin concentration have a higher modulus and exhibit more viscous
damping. Importantly, these results demonstrate that RAR measures intrinsic material
characteristics independent of the excitation pulse amplitude and duration. In contrast, the

amplitude of the maximum surface deformation (4,), exhibited strong dependence on both
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excitation parameters as well as polymer concentration (Fig. 2.4C). For gels with a low fibrin
concentration (2 mg/ml), the deformation amplitude increased when excitation pulse duration
increased from 33 ps to 66 ps at the acoustic pressure of 2.0 MPa but stayed constant with
increased duration at the acoustic pressure of 3.0 MPa. This behavior suggests a possible saturation
of response in the soft gels at higher acoustic pressure, since the maximum amplitude of the surface
wave is limited. For gels with higher fibrin concentrations (4-10 mg/ml), the amplitude of
deformation increased with increasing acoustic pressure and pulse duration, as expected. Similarly,
higher fibrin concentration, which leads to stiffer gels, consistently resulted in lower deformation

amplitudes under the same excitation pulse parameters.

2.3.3 Characterization of hydrogels using RAR
Figure 2.5 shows RAR data generated from hydrogel materials commonly used in tissue
engineering: fibrin (2.0-10.0 mg/ml), gelatin (20 - 100 mg/ml), and agarose (2.0 — 10.0 mg/ml). In

all materials, the resonant frequency of surface waves (wg) increased significantly with increasing
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Figure 2.5: Comparisons of A) natural frequency (wg), B) damping coefficient (I'), and C) maximum
displacement (A4() extracted from RAR experiments on fibrin (2-10 mg/ml), gelatin (2-10 wt%), and
agarose (2-10 mg/ml) gels. Error bars represent a 95% confidence interval (n=4). Lines above bars
indicate statistically significant differences at p < 0.05.
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polymer concentrations (Fig. 2.5A), suggesting increasing stiffness. Fibrin gels had the lowest and
agarose gels had the highest w, values at the same polymer concentration. The damping coefficient
(T") also increased with polymer concentration in all hydrogels (Fig. 2.5B). Interestingly, fibrin
gels had the highest and agarose gels the lowest damping coefficient, in a trend opposite to that of
the resonant frequency. The maximum surface deformation amplitude (A4,) decreased with
increasing polymer concentration (Fig. 2.5C). In general, higher A, values were measured in fibrin,
though at higher polymer concentrations the wave amplitude was relatively low, and this effect
was not statistically significant.

Taken together, these data show that RAR measurements of resonant frequency and
damping coefficient were independent of the ultrasound excitation parameters, while surface
displacement amplitude depended on the magnitude and duration of the pushing pulse.
Corresponding experiments performed using gelatin and agarose hydrogels at varying acoustic
pressure and pulse duration showed similar results (Fig. 2.6). Statistical analysis of the combined
fibrin, agarose and gelatin data set revealed that polymer type and concentration significantly
affected the resonant frequency (wg), damping coefficient (I'), and maximum amplitude (4,) of
the surface resonance. However, only the amplitude was significantly impacted by acoustic
pressure or impulse duration. While displacement amplitude can provide important information on
the relative stiffness of different materials, this parameter depends on the energy of the excitation
pulse and thus is system dependent.

Due to the finite transverse focal size of the ultrasound beam used for pulse-echo
measurement, the received echo signals from the sample surface will be an average of the
reflections within the focal zone. While this averaging may affect the absolute values of the echo

signal amplitude, it is not expected to influence the temporal characteristics, thus the frequency of
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the surface movements. Therefore, in this study the amplitude parameters were not used for
material characterization, instead we used the measurements of system-independent resonant

frequency and damping coefficient in subsequent materials characterization.
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Figure 2.6: A) Comparisons of natural frequency (wg), damping coefficient (I'), and maximum
displacement (4g) extracted from RAR experiments using multiple ARF excitation pressures (2 and 3
MPa) and durations (33 and 66 ps) on gelatin gels with concentrations between 20 and 100 mg/ml. B)

Pressure and duration sweeps were also performed for agarose gels (2-10 mg/ml), comparing wg, I, and

Ay. Error bars represent a 95% confidence interval (n=4). Lines above bars indicate significant
differences according to a two-tailed students t-test with a Bonferroni correction (p < 0.05).

We also examined the sensitivity of RAR to changes in the concentration of the hydrogels. A
linear regression was performed for polymer concentration as a function of measured RAR
frequency, identifying the 95% prediction interval over the whole concentration range (Fig. 2.7).

The standard error for fibrin concentration over the entire 2 mg/ml to 10 mg/ml

concentration range was 0.66 mg/ml, very high compared to the concentration (Fig. 2.7A).
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Figure 2.7: Comparison of concentration sensitivity in RAR frequency measurements for A) the full
range of fibrin, B) a subset of fibrin, C) gelatin, and D) Agarose. Red dashed lines represent the 95%
prediction interval (n=4).

Interestingly, omitting the lowest fibrin concentration resulted in a substantial reduction in the

standard error to 0.30 mg/ml (Fig. 2.7B). Low standard errors relative errors were calculated for

the gelatin (Fig.2.7C) and agarose (Fig.2.7D) samples, 0.92 mg/ml and 0.20 mg/ml, respectively.

While higher than other materials, the gelatin standard error is extremely low compared to the

concentrations used in this study which were 10-fold greater than those of agarose or fibrin. Taken

together, these results indicate that RAR measurements of natural frequency are highly sensitive

to changes in material concentration, with a linear relationship for all but the softest materials.

51



2.3.4 Validation of surface wave models using finite element analysis

Finite element analysis (FEA) conducted using COMSOL was used to simulate the 3D behavior
of hydrogel samples subjected to ultrasound excitation, with the goals of verifying the resonant
mode of surface waves in our RAR experiments and validating the analytical models of surface
waves on viscoelastic solids (Equations 1-8). Figure 2.8 shows the results of COMSOL simulations
of surface movement following a single ultrasound excitation pulse. The surface displacement map
shows an annular node (Fig. 2.8A - B), indicating that (0,2) is the dominant resonant mode using
our experimental set-up. The time evolution of the surface displacement at the center of the circular
surface (Fig. 2.8C) exhibits similar behaviors as the data from RAR experiments, and the power
spectrum of the surface oscillation corresponding to a (0, 2) resonant mode (Fig. 2.8D) match well
with those from RAR measurements. Simulation was also performed to investigate the impact of
the magnitude and duration of the excitation pulses, as in our empirical studies, and similar trends
were observed (Fig. 2.9A). In addition, the effect of changing the geometry of the excitation beam
was investigated (Fig. 2.9B).

To further validate the RAR technique, the COMSOL model was applied to systematically
investigate how surface waves are affected by varying shear modulus (0.05-30 kPa) and viscosity
(0.001-0.3 Pa-s) for the dominant (0, 2) mode. We used the surface movement at the center of the
circular surface to determine the resonant frequency and damping coefficient, which were then
used to calculate G and 7, in the same manner as for experimental RAR results. Plots of the input
material properties against those derived from the surface movements from COMSOL model
showed strong correlation for both ¢ and 1. The COMSOL model exhibited a 15% under-
prediction of shear modulus compared to RAR; however, excellent linear correlation (R? > 0.99)

was observed (Fig. 2.8E). The model-derived shear viscosity also demonstrated a strongly linear
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Figure 2.8: FEA displacement maps generated using a COMSOL simulation of an RAR experiment for
A) vertical cross-section and B) top surfaces at multiple time points. From left to right, displacement
maps show sample baseline preceding ARF excitation (0.0 ms), maximum deformation at end of ARF
excitation (0.75 ms), and downward (4.25 ms) and upward (7.25 ms) center deformation during
subsequent resonant oscillation. C) Modeled displacement versus time from center of sample surface. D)
Frequency power spectra for modeled surface displacements. Viscoelastic material properties were
defined as G = 500 Pa and = 0.1 Pas for A-D. Comparison of E) shear moduli (G) and F) shear

viscosities (17) defined in FEA with those calculated using RAR analytical method.

relationship with the input values (R? = 0.99), although the analytical model over-predicted when
1 <0.03 Pa-s (Fig. 2.8F). This discrepancy is due to the very narrow peaks of resonant frequency

from simulation, resulting in a poor fitting of the Lorentzian peak width. These discrepancies may
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also be attributed to other viscous effects in the empirical system that are not considered in the

COMSOL model.
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Figure 2.9: A) Comparisons of natural frequency (wg), damping coefficient (I'), and maximum
displacement (4q) extracted from FEA models using multiple ARF excitation pressures (2 and 3 MPa)
and durations (33 and 66 us) with viscoelastic samples (G = 0.5 or 1 kPa, and p = 0.1 Pa-s). As with the
experimental RAR, the modeled resonant surface behavior showed minimal effect of excitation
parameters on the resonant frequency (wg) or damping coefficient (I'), while maximum amplitude (4¢)
varied substantially between each setting. B) Comparisons of natural frequency (wq), damping
coefficient (I'), and maximum displacement (4q) extracted from FEA models using multiple Gaussian
excitation geometries with FWHM of intensity between 0.52 mm and 2.12 mm with viscoelastic samples
(G=0.5kPa, and n = 0.1 Pa-s). As with changes in excitation intensity and duration, changes in ARF
excitation lateral beam profile affect maximum amplitude (4¢) but not the resonant frequency (wy).
Comparisons of power spectra showed that narrower beam profile led to more energy distribution outside
the main mode, effectively resulting in a slight increase in the damping coefficient (I') for the main mode.
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2.3.5 Comparison of RAR with shear rheometry
The intrinsic viscoelastic properties of hydrogels were calculated using RAR
measurements according to the hydrodynamic models for Rayleigh waves (Equations 2 and 4).

Results in Figure 2.10 show that the RAR could be validated against with those obtained with
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Figure 2.10: RAR and shear rheometry measurements of the viscous and elastic properties of fibrin (2-10
mg/ml), gelatin (2-10 wt%), and agarose (2-10 mg/ml) gels. A) Elastic parameters (G, G’) and
correlations. B) Viscous parameters (w1, G’’) and correlations. C) Loss factor (tan(d)) and correlations.
Error bars represent a 95% confidence interval (n=4). Lines above bars indicate statistically significant
differences at p < 0.05.
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rotational shear rheometry, a commonly used technique to characterize soft biomaterials.

Figure 2.10 shows RAR and shear rheometry data for fibrin hydrogels, as well as the
correlation between the values generated by each method. The elastic modulus consistently
increased with increasing polymer concentration for all types of hydrogels (Fig. 2.10A) when
measured using RAR (G) or with shear rheometry (G'). The correlation between the two methods

was high (R? > 0.95), with slopes ranging from 0.47 to 0.56, showing that these techniques can

provide very similar information on material stiffness.
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Figure 2.11: A) Comparisons of natural frequency (wg), and shear modulus (G) extracted from RAR
experiments on gelatin gels cast into 96-well and 48-well microplates with concentrations between 20 and
100 mg/ml. B). Agarose gels were also cast into 96-well and 48-well microplates at concentrations
between 2 and 10 mg/ml, comparing wq and G measured with different geometries. Error bars represent a
95% confidence interval (n=4). Lines above bars indicate significant differences according to a two-tailed
students t-test with a Bonferroni correction (p < 0.05).

56



Viscosity parameter measurements from both RAR (won) and shear rheometry (G'") were
also consistent and increased with increasing polymer concentration (Fig. 2.10B), though the
absolute value of the parameters differed between techniques. Interestingly, the viscous parameters
were highly correlated for each individual material (R?> > 0.95), but not for all materials grouped
together (R?> = 0.54). The slopes of the linear regression curves ranged from 0.41 for the
polysaccharide agarose hydrogels, to 1.5 and 2.4 for the peptide-based fibrin and gelatin materials.

In RAR, the frequencies measured are the discrete frequencies of the resonant surface wave
modes in a specific experiment, determined by both the radius and the mechanical properties of
the sample. In the current study, we did not perform experiments to systematically investigate the
frequency dependence of the modulus, although it is possible to measure viscoelastic parameters,
(e.g. G', G", viscosity, and tan-delta) as a function of frequency using custom fabricated sample
holders with variable radius.

It should be noted that the undriven resonant surface waves generated during RAR
oscillated with relatively high frequencies (70-1100 Hz were measured for the range of hydrogel
samples tested) compared to the driven oscillations of shear rheometry (1 Hz). The Kelvin-Voigt
model of viscoelasticity assumes Newtonian behavior, whereas the measured shear viscosity of
these hydrogels may be affected by the shear rate [35]. More complex models of viscoelastic
behavior, such as the Standard Linear Solid may be applied to in future studies to improve
comparisons of the two measurement techniques. The wavenumber and thus the measured resonant
frequency of the surface wave is dependent on the sample radius in RAR. Due to the potential
dependence of material properties on frequency, the material properties derived from measured

resonant frequency in RAR may be affected by the sample radius.
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The relative contribution of elastic and viscous components of the complex modulus is
described by the loss factor (tan(§)). Measurement using RAR suggested that the loss factor
decreased initially as polymer concentration increased, but generally plateaued at higher
concentration (Fig. 2.10C). The loss factor for the hydrogels tested ranged from 0.03-0.6,
suggesting that elastic behavior dominated the viscoelastic response to deformation. The loss
factor as measured by shear rheometry generally ranged from 0.01-0.15, suggesting an even
stronger dominance of the elastic component, approaching the behavior of an ideal elastic solid.
The shear rheometry measurements also showed a relatively weak dependence on polymer
concentration, and fibrin had the most viscous character. A direct comparison of the tan(8) values
showed only weak correlations between the methods. The values for fibrin clustered, while both
gelatin and agarose had a generally negative slope with only modest correlation. These results
suggest that RAR and shear rheometry measure different aspects of the viscoelastic behavior of

materials associated with viscous energy losses.

2.3.6 Dynamic characterization of fibrin gelation using RAR

RAR is suitable for characterizing both liquid and hydrogel phases, and therefore was used
to monitor the dynamics of the sol-gel transition in fibrin after addition of varying concentrations
(0.1-0.4 U/ml) of thrombin. Figure 2.12 shows RAR data from non-contact measurements taken
every 0.5 min for a period of 30 min. The initially liquid fibrinogen solution exhibited a consistent
natural resonant frequency of about 420 rad/s (Fig. 2.12A), corresponding to capillary waves
induced by the ultrasound pulse. There was a concentration-dependent lag in the action of
thrombin, after which the resonant frequency increased rapidly, before plateauing at a maximum
value. This three-phase profile corresponds to the mechanism of thrombin-catalyzed fibrin

gelation, which includes cleavage of fibrinopeptides, formation of protofibrils, and aggregation of
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Figure 2.12: Dynamic RAR measurements of A) natural frequency (wg), B) damping coefficient (T'), and

C) maximum displacement (4y) extracted during gelation of 4.0 mg/ml fibrin gels with thrombin
concentrations of 0.1, 0.2, and 0.4 U/ml. Error bars represent a 95% confidence interval (n=7).

the gel network [36,37]. Increasing thrombin concentration resulted in a shortened lag period,
higher rate of resonant frequency increase during the aggregation phase and decreased maximum
frequency.

The damping coefficient of the materials also exhibited a three-phase profile, with a lag
phase, a rapid rise to a peak value, and then a drop to a plateau level (Fig. 2.12B). The peak in the
damping coefficient occurred earlier at higher thrombin concentration, indicative of faster gelation
kinetics, while the plateau level was lower for higher thrombin concentrations. Damping
coefficients for Rayleigh waves are nearly 5-fold smaller than for capillary waves at the same
material viscosity [30]. Therefore, the distinct peak in damping coefficient during gel formation
may indicate a phase transition from viscoelastic fluid to viscoelastic solid, during which the
viscosity effect increases to a maximum in the liquid phase followed by a decrease in the solid
phase.

Examination of the maximum surface displacement (4,) over time (Fig. 2.12C) can be
informative, given that the ultrasound parameters are kept the same for all the samples. Generally,

A, increased initially after thrombin addition, but then steadily decreased as gelation progressed,
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until reaching a plateau level. The time-varying value of A, was dependent on the thrombin
concentration, with higher concentrations resulting in a more rapid trajectory to the plateau level.
Interestingly, A, appeared to increase slightly at first after thrombin addition for the samples with
0.1 and 0.2 U/ml thrombin, before peaking and then decreasing steadily to a plateau level. The
peak is not evident at 0.4 U/ml thrombin, possibly because it occurred prior to the initiation of
measurements (there was a 60 s delay after thrombin addition before detection could be achieved
in our system). Interestingly, the peak in A, occurred before the phase transition time point
associated with the damping coefficient peak (Fig. 2.12B), suggesting that distinct processes are

occurring during fibrin gel formation.

2.3.7 Comparison of dynamic material properties using RAR and shear rheometry

RAR data was used to characterize the viscoelastic properties of fibrin materials over time
as they gelled in situ. The local maximum in the damping coefficient was thought to indicate the
phase transition from liquid to a solid fibrin gel [32]. The capillary wave model, Equation 1, was
used at the beginning of the experiments when the samples were liquid. The pseudocapillary
model, described by Equations 7 and 8, was applied to RAR measurements prior to this transition
and the Rayleigh model, Equations 2 and 4, as applied to measurements following this phase
transition. Figure 2.12. shows values of G, w7, and tan(§) from RAR data, the corresponding
shear rheometry measurements, as well as correlation plots between these parameters. The elastic
modulus parameters (Fig. 2.13A) generally exhibited an initial lag followed by a sigmoidal
increase to a plateau value over time. The duration of the lag and the slope of the curve were
dependent on thrombin concentration, reflective of faster gelation due to increased thrombin
availability. RAR measurements show that the maximum shear modulus increased with decreasing

thrombin concentration, a behavior that has been observed in prior studies and is attributed to
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Figure 2.13: Dynamic RAR and shear rheometry measurements of the viscous and elastic properties
during the gelation of 4 mg/ml fibrin with 0.1, 0.2, or 0.4 U/ml thrombin. A) Elastic parameters (G, G’)
and correlations. B) Viscous parameters (wg7, G’”) and correlations. C) Loss factor (tan(5)) and
correlations. Error bars represent a 95% confidence interval (n=4). Error bars represent a 95% confidence
interval (n >4).

formation of thicker fibrin fibrils with slower gelation kinetics [38,39]. The values of storage
modulus measured by shear rheometry were generally higher than the corresponding RAR values.

The results were correlated at low magnitudes, but diverged with increasing material stiffness,
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with the RAR measurements reaching a plateau more quickly than the corresponding shear
rheometry data. The viscous modulus parameters over time (Fig. 2.13B) also exhibited a lag
followed by an increasing phase and a plateau, with a similar thrombin concentration-dependent
lag and plateau behavior as the elastic modulus parameters. The correlation between the viscous
parameters shows that RAR values were consistently higher than shear rheometry data and reached
their maximum more rapidly.

To provide a simple parameter to directly and quantitatively compare fibrin gelation
kinetics, we defined two time constants related to the kinetics of elastic modulus (Fig. 2.14). T,
was defined as the time at which the modulus reached 1/10" of the maximum value and T; was
defined as the time at which the modulus reached 1/2 of the maximum value. The values of both

T, and T; decreased significantly with increasing thrombin concentration, reflecting a faster

A B C
150 1200 1200
1000 1000
100 800 ___ 800
@8
600 - 600
|_
50 400 400
200 200
0
0 600 1200 1800 0 Sh 0 Sh
ear ear
. RAR RAR
Time (s) Rheometry Rheometry

HlO.1 U/ml Thrombin M O0.2 U/ml Thrombin [l 0.4 U/ml Thrombin

Figure 2.14: A) Schematic showing the definition of time constants, TO and T1, used to quantify elastic
dynamics in RAR (shown) and shear rheology. TO and T1 are defined as the time at which G or G’ reach
1/10th or Y4, respectively, of their final value. Comparison of B) TO and C) T1 values for dynamic RAR
and shear rheology measurements of 4 mg/ml fibrin gelation with 0.1, 0.2, and 0.4 U/ml thrombin. TO and
T1 decreased significantly with increasing thrombin concentration for both techniques. No significant
differences were observed between TO values in RAR and shear rheology, but T1 values were
significantly higher for shear rheology measurements. Error bars represent a 95% confidence interval (n
>4). Lines above bars indicate significant differences according to a two-tailed students t-test with a
Bonferroni correction (p < 0.05).
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gelation rate. However, T; values from RAR were significantly lower than the corresponding shear
rheometry measurements, possibly because the temperature of gelation could be more tightly
controlled when using RAR.

The loss factor (Fig. 2.13C) for both RAR and shear rheometry exhibited a rapid initial rise
to a peak value, followed by a decrease to a plateau level. The peak of the curve was much more
evident in the RAR data, and corresponded to the peak in the damping coefficient, suggesting that
RAR measurements provided a more sensitive marker for the sol-gel transition in these materials.
The absolute values of the loss factor were consistently higher for RAR measurements. In all cases,
the loss factor plateaued at a level between 0.1-0.5, suggesting a viscoelastic behavior that was not

strongly dependent on thrombin concentration.

2.4 Summary and Conclusions

RAR has several potential advantages over other methods for the characterization of soft
viscoelastic biomaterials. Its use of acoustic energy to deform and interrogate the sample allows
non-contact measurement and avoids potential contamination. The generation and tracking of
surface waves requires only low acoustic intensity and therefore prevents damage or permanent
deformation of the sample. The well-established physics behind surface waves in liquids and
hydrogels enables the extraction of intrinsic material properties from RAR measurements,
independent of specific ultrasound parameters. Furthermore, the technique does not require an
absorbing or scattering medium within the sample, and requires only small material volumes,
thereby circumventing some of the limitations of other ultrasound-based techniques [40—42].
Conventional labware and ultrasound probes of a variety of sizes can be used, depending on the
sample volume and structure, and the method can be automated for high throughput analysis.

These features make the method well-suited for non-destructive, longitudinal tracking of
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biological samples over short (seconds) to long (weeks) time scales, which is particularly valuable
for the types of biomaterials and constructs used in tissue engineering.

At the same time, RAR has several limitations. As a technique that measures the bulk
mechanical properties and surface tension, RAR relies on resonant waves that are affected by the
geometry of the sample and sample holder. Fortunately, conventional circular microplate wells are
well-suited for the technique because of their infinite rotational symmetry. However, shape
changes or inhomogeneities in the sample itself may affect the resonant wave modes to be excited.
Based on FEA results, this study assumes a consistent 0,2 resonant mode across various samples,
however changes to the surface or boundary condition of a sample could influence the dominant
oscillatory modes and impact the accuracy of results. In addition, acute contact angles and/or the
formation of a meniscus at the well wall may impact the resonant frequency and damping of
surface waves [43], requiring the use of hydrophobic surface coatings. While dehydration of
hydrogel samples with an air interface can lead to changes in both geometry and mechanics during
studies of dynamic viscoelastic properties [33], the non-contact format of RAR allows for samples
to be fully sealed, dramatically limiting evaporative effects compared to the exposed samples of
many contact based methods. Sample thickness can also impact the resonant frequency of both
pseudo-capillary and Rayleigh surface waves [40], though this effect can be reduced by using
thicker samples.

In the present study, characterization of material properties using RAR was validated
against both computational modeling and conventional shear rheometry. FEA confirmed that our
approach applied the appropriate resonant modes and analytical models of surface waves. In
general, the results from RAR and rotational shear rheometry correlated well for both end-point

and dynamic measurements, though the results suggest that RAR may have advantages in more
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finely interrogating some material characteristics, particularly as related to gelation kinetics and

phase transitions. Overall, RAR was shown to provide consistent, objective, and quantitative data

that may enable new insights in the fields of biomaterials and tissue engineering, including

improved fundamental understanding of material properties, as well as critical quality control in

the translation of engineered tissue products.
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Chapter 3 Elastocapillary Transition during Formation of Viscoelastic Gels

3.1 Introduction

Mechanical testing of hydrogels can be particularly challenging due to their relatively low
elastic modulus, viscoelastic nature, and biphasic structure [1]. Techniques such as shear
rheometry and nano-indentation have been used to measure mechanical properties of hydrogels.
However, these common approaches typically require direct contact with the samples, thus are
limited to mostly end-point measurements due to the risk of sample contamination and damage.
As biomaterials, such as hydrogels, often exhibit continuous changes due to factors such as
swelling, enzymatic degradation or crosslinking, and cell-mediated remodeling in cellular
constructs, techniques capable of longitudinal tracking of materials are needed to monitor changes
over time in a non-contact fashion.

Unlike stiff materials for which elasticity dominates, the behavior of soft solids is affected
by both surface tension and elastic properties [2]. The unique elastocapillary nature of soft solids
has important implications in many applications and fields including surgery, tissue engineering,
and flexible electronics [3]. Approaches to study the surface hydrodynamics of viscoelastic fluids
and soft solids have provided a unique strategy to investigate the rheology of these materials [4].
In addition, growing interest in bioprinting technologies for generating tissues and organs [5] has
further underscored the need for examination of the surface hydrodynamics of soft materials [4,6].
Traditionally, studies of surface waves have relied on measuring the phase velocity of travelling
waves and wavenumber/frequency to determine the dispersion relation [4]. Direct mechanical or

electrical means are typically used to generate surface waves and detection of the surface
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movements is achieved using light scattering techniques. Furthermore, as measurements at
multiple spatial locations are needed to determine phase velocity and wavenumber, these
techniques require a relatively large surface area and volume of material for the experiments, thus
are not suitable for biomaterial samples in tissue engineering applications.

As an important characteristics of soft materials, capillary to elastic wave crossover was
predicted by the HPP theory [4,7], and experimental observation of the unique phenomenon has
been the focus of a number of studies [§—10].Conventional studies of the elastocapillarity relied
on measurements obtained from different static polymer solutions each prepared with different
polymer concentration to achieve varied viscosity and elasticity [9,10].

In this study, we demonstrate the application of a dual-mode acoustic technique for non-
contact mechanical characterization of viscoelastic liquids and soft solids. The technique, named
resonant acoustic rheometry (RAR), uses synchronized ultrasound pulses to generate and detect
the resonant modes of surface waves on a sample material [11]. We report results of the changing
material property as fibrin gels are formed using thrombin and polyethylene glycol-norbornene
(PEG-NB) is crosslinked using UV light, identifying consistent phenomena during gelation
regardless of whether a material is natural or synthetic. We then applied these findings to
identifying the gel point in coagulin gels, improving upon the traditional gel clot LAL assay and

enabling quantitative endotoxin quantification.

3.2 Materials and Methods:

3.2.1 Experimental Setup
As previously described, the experimental setup (Fig. 3.1A) for RAR consisted of an
ultrasound transducer mounted to a 3D motion platform (Velmex) and submerged a temperature-

controlled water tank. The transducer was directed upwards at the bottom of a microplate affixed
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Figure 3.1 A) Schematic diagram of the RAR experimental system with a focused ultrasound transducer
aligned beneath a microplate for generating measurements through the sealed plate bottom. B) Images of
oscillating fibrin surface taken using high-speed camera with elevated center (above) and depressed
center (below). Oscillatory node indicated by dashed blue line and antinodes indicated by red dashed line
and red arrow. C) Depiction of the multiple time scales involved in RAR measurements, with individual
A-lines used to calculate displacement during a single oscillatory measurement that is then repeated over
the course of an extended study.
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just below the water surface using a custom microplate holder. The custom transducer was made
up of two concentric, cofocused elements aimed at the center of the top surface of the sample. The
outer transducer (center frequency 1.5 MHz, -3dB beam width 1 mm, focal length 48 mm), was
driven by an arbitrary waveform generator (33220A; Agilent) and a power amplifier (75A250;
Amplifier Research) to apply a short ultrasound pulse (duration 33 us, acoustic pressure 3.0 MPa)
and induce a focal surface perturbation due to the acoustic radiation force (ARF) [12]. The inner
transducer (center frequency 7 MHz, -3 dB beam width 0.5 mm, focal length 48 mm) was driven
by a pulser receiver (PR5900, Panametric) for pulse-echo tracking of the sample surface. The
backscattered RF signals were digitized at 250 MSamples/s using a digital oscilloscope (Fibrin
and PEG: 5443D, Picoscope; Blood and LAL: 54830B; Agilent) and saved for offline analysis.
Standard RAR measurements consisted of a single ARF pulse to generate surface deformation and
a series of pulse-echoes performed at a PRF of 5-10 kHz. Dynamic viscoelastic monitoring was

performed by repeating individual RAR measurements at regular time intervals.

3.2.2 Surface Wave Detection:

Surface wave displacement was measured as described previously [11], utilizing the inner
. . . 21 .
transducer in pulse-echo mode. The echo time of the backscattered signals, t, = = where 1 is the

path length from the transducer to sample surface which is the time needed for the ultrasound pulse
to travel from a reference location to and back from a scatterer, reflects its spatial location relative
to the reference location, with a sound speed, c. The temporal shift of the surface echo, At,,
following excitation is measured using a normalized cross-correlation with the baseline echo. The

displacement of the sample surface, x, is then obtained from the temporal shift of the echo signal

. . . . . A .
from the surface relative to its equilibrium position, according to x = % This is repeated for
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each echo captured during RAR, allowing for calculating the dynamic surface oscillations (Fig.

3.10).

3.2.3 Rapid RAR (rRAR)

The minimum time interval to perform a single RAR measurement, save the RF data, and
reset the instruments for the next measurement was approximately 1 second. To perform
measurements of rapid dynamics, we developed an alternative measurement protocol, rapid RAR
(rRAR) where excitation pulses were issued repeatedly while continuously sampling the surface
using pulse-echo. This allowed for the RAR measurements to be performed at a sampling rate of
5 Hz for up to a 10 second duration (limited by oscilloscope memory depth). The measured
displacements for each excitation pulse could then be separated into individual segments and used

to calculate displacement time series data as above.

3.2.4 Resonant Parameter Extraction

The resonant modes of surface waves are determined by the boundary conditions at the
well wall. Assuming axis symmetry, a fixed boundary condition at the wall of cylindrical well
requires,

Jo(ka) =0, [1]
where J, is the Bessel function of zero-th order, k£ the wavenumber, and a the radius of the well.
For the 96-well microplates (Nunc) used in the majority in this study, a = 3.25 mm. Equation (1)
yields discrete wavenumber k,,,,

knpa=a,, m=12,.. [3]
where a,, is the m-th root of the zero-th order Bessel function and For example, a; = 2.40, a, =
5.52 and a3 = 8.65, for the (0,1), (0,2) and (0,3) mode respectively, resulting in wavenumbers

ki =0.774mm™1, k, = 1.78 mm™1, and k3 = 2.79 mm™1. The resonant frequencies of the
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surface oscillation are determined by the dispersion relation of the specific surface wave, w,,g =
Q(k,,) which depends on material properties such as surface tension and elastic modulus
[7,13].The surface movement at the center of the circular surface of the sample is then the
summation of a series of resonant modes of surface wave which can each be described as damped
harmonic oscillators,

x(t) = Ape Ttcos (wit + @), [3]
where ¢ is the oscillation time of the kinetic surface movement following the initial perturbation.
Ay, ', and ¢ are the amplitude, damping coefficient, and phase shift, respectively. The natural
frequency of the surface wave from the dispersion relation, wy, = Q(k) is calculated from the
damped frequency, w4, and the damping coefficient, T,

wo = w,? + T2, [4]

The resonant frequency and damping coefficient were calculated from RAR data as
described previously [11], utilizing the findpeaksL. function

(https://terpconnect.umd.edu/~toh/spectrum/PeakFindinegandMeasurement.html) for MATLAB to

find the position and half-width at half-maximum (HWHM) of Lorentzian peaks in power spectra
generated from the time-series displacements. The frequency positions of the fitted peaks are
subsequently defined as the damped frequency, w,. An exponential decay weighting function,

W = e Rt [5]
with R = 20 was applied to broaden narrow peaks to reduce high-frequency noise and spectral
ringing from the DFT. This broadening of the peaks could be easily corrected by combining
equations 3 and 5,

x(t) = Age Tt cos(w t + ¢) e Rt = Age~T+Rt cos(w,t + ¢), [6]

it is possible to calculate the unfiltered damping as I' = HWHM — R.
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To better identify the spectral components during Fibrin gelation, we also employed a
hamming window during the discrete Fourier transform to narrow the linewidth. The use of a
hamming window did not alter the extracted damped frequency when compared to a rectangular
window or exponential decay weighting function (Fig. 3.2A) but did alter the HW HM substantially
(Fig. 3.2B). The use of a weighting function to broaden the spectral lines did also shift the HWHM,
but could be corrected as described above (Fig. 3.2C) and enabled the more accurate measurement
of narrow peaks which is crucial to accurate measurements of viscosity in minimally damped
materials.
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Figure 3.2: Dynamic RAR measurements of A) natural frequency, B) half-width half-max (HWHM), and
C) damping coefficient extracted during gelation of 8.0 mg/ml fibrin gels. Parameters were extracted from
FFTs produced with rectangular, hamming, and exponential decay windows show. Error bars represent
standard deviation (n=4).

3.2.5 Hydrodynamic models of viscoelastic surface waves

Hydrodynamic models were applied to calculate the elastic and viscous properties of
hydrogels from extracted RAR resonant parameters. Three distinct models were applied for

capillary, pseudocapillary, and Rayleigh waves.

Capillary waves are the dominant mode of surface wave for liquids that do not have an
elastic component and are driven by surface tension [4]. In liquid-like regimes and low viscosity,

the real part of the angular frequency () can be approximated by the Kelvin frequency,

Wt =—, [7]
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where £ is the wavenumber and o the surface tension. Since hydrogels have a density close to
water, we used p = 1000 % for all materials. The damping coefficient of a capillary wave is given
by,

===, [8]

where 7 is the viscosity of the material.

Pseudo-capillary waves are present on viscoelastic liquids, where both surface tension and
elasticity may act to drive surface waves as a restoring force. The dispersion relation includes both
restoring forces [13]

2 0'k3 sz
=2 145
pe p p

[9]

Rayleigh waves are the dominant mode of surface waves propagating on solid hydrogels,
where elasticity dominates over surface tension or gravity. However, in the case of soft solids with
high surface tension, such as a hydrogel, the surface tension cannot be completely ignored. In this
case the dispersion relation is slightly modified from Equation 9 to represent the solid, Rayleigh,

waves driven by both elasticity and surface tension

2 _ ok3®  BGK?
=—+ — 10
W, > + P [10]

where p is the material density, k the wavenumber, and £ (0.91 in this study) a Rayleigh/shear
wave proportionality [14]. The damping coefficient of Rayleigh surface waves [4] is determined
as

_0.45nk?
['= — (11)
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3.2.6 Hydrogel Stock Preparations

Fibrinogen stock solutions of 4.0 and 8.0 mg/ml (clottable) were prepared by dissolving
lyophilized bovine fibrinogen (F8630, Sigma) in phosphate buffered saline (PBS; Gibco) at 37°C.
The fibrinogen solutions were filtered using a 0.2 um PVDF syringe filter. Bovine thrombin
(T6634; Sigma) was dissolved in a sterile-filtered solution of 0.1 %w/v bovine serum albumin
(Sigma) in DI water to form a 50 Unit/ml stock solution. A 150 mg/ml stock solution was prepared
of 20 kDa 4-arm PEG norbornene (PEG-NB) in PBS. A 35mM solution of a dithiol crosslinker
with a PEG spacer (PEG-DT) was prepared in PBS. Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was prepared in PBS at a 5mM stock concentration. LAL
reagent and endotoxin standards (Lonza) were prepared in Endotoxin-free water (EF-H20) as

directed by the manufacture.

3.2.7 Fibrin Gelation Experiments

Fibrin gelation was initiated by adding thrombin to the fibrinogen solutions at a final
concentration of 0.4 Unit/ml. The solution was thoroughly mixed and then 100 ul was pipetted
into a Syl-Off (Q2-7785, Dow) coated microplate (269620, Nunc) while positioned above a 37C
water bath. An adhesive plate seal (, Fisher) was applied to minimize evaporation. RAR
measurements were initiated exactly 60 seconds after the addition of thrombin and were repeated

at 20 second intervals for a total 15 minute duration.

3.2.8 Porcine Blood Coagulation:
Venous porcine blood was collected into vacutainers containing sodium citrate.
Coagulation was initiated by combining 20 ul 0.2M CaClz with 340 pl of citrated blood and 100

ul was immediately added to a 96-well microplate (655801, Greiner) on the 37C water tank. RAR
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measurements were initiated 60 seconds after the combination of recalcification of blood and were

repeated at 120 second intervals for the duration of a 90 minute study.

3.2.9 PEG UV Crosslinking

PEG precursor solutions were prepared by combining the PEG-NB, PEG-DT and LAP
stock solutions in PBS. PEG-NB concentrations of 30, 50, and 100 mg/ml (1.5, 3 and 5 mM)
required respective PEG-DT concentrations of 3, 5, and 10 mM for 100% crosslinking of the 4-
arm PEG. LAP was added at final concentrations of 0.5, 1, and 2 mM to alter the rate of free-
radical generation. After mixing, 100uL PEG precursor solutions were added to a Syl-Off coated
96-well microplate (269620, Nunc). An initial RAR measurement of the precursor solution was
initiated immediately after plating. Exactly 5 seconds later, a 3W 365 nm UV LED positioned
5mm above the microplate well (light intensity of 40 mW/cm? at the sample surface) was triggered
for a 60 second duration. For 10 seconds following the initiation of UV crosslinking, rRAR
measurements were performed with a 200 ms sampling interval. Following the rRAR
measurements, standard RAR measurements were performed at 5 second intervals for remainder

of the 60 second UV illumination.

3.2.10 Dynamic LAL Measurements

Endotoxin containing samples were generated by diluting the 10 EU/ml Endotoxin stock
solution to 1 EU/ml and performing a 2-fold dilution series from 0.5 EU/ml to 0.002 EU/ml in EF-
H>O, Dulbelcco’s Modified Eagle Medium (DMEM) or DMEM supplemented with 10% FBS
(D10). LAL reagent and endotoxin samples were combined at a 1:1 ratio and 100 pl was added to
each well 96-well microplate (Wako) at 37C. RAR measurements were initiated 60 seconds after
the combination of reagents and were performed at 180 second intervals for the duration of a 2

hour study.
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3.2.11 Statistical analysis
All data is presented as mean + standard deviation. Significant differences between fitted

parameters were determined using a Student's two-tailed t-test with a = 0.05.

3.3 Results and Discussion

3.3.1 Visualization of surface waves:

High-speed video of liquid surfaces during RAR measurements was collected to verify the
dominant oscillatory modes on the surface of liquid and solid fibrin samples. Still images at time
points 180° out of phase with one another (Fig. 3.1B) show a radially symmetric oscillation with
concentric circular nodes at the sample edge and roughly halfway between the center and edge,
denoted by blue circles. Antinodes are present at the point directly in the center of the circular
sample surface and as a concentric ring between the two nodes, denoted by a red arrow and circle.
This is consistent with the predicted 0,2 mode of radially symmetric oscillation used in a previous

study [11].

3.3.2 Thrombin induced gelation of fibrin:

We applied RAR to generate and detect resonant surface oscillations on freshly prepared
fibrinogen and thrombin samples every 6s consecutively for 15 min, at which time a stable fibrin
gel was formed. We tracked the oscillatory displacement at each sampling time point, observing
an exponentially decaying sinusoid that could be modeled as a damped harmonic oscillator (Fig.
3.3A). To quantify the resonant parameters from the measured displacements, we calculated the
power spectrum (Fig. 3.3B) and found the position and width of the main peak. The temporal
changes in the individual displacement time-series during the formation of an 8 mg/ml fibrin gel

were visualized using a 2D color encoded heat map (Fig. 3.3C). The color indicates the normalized
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displacement at the sample center for each time-series following the initial push of each individual
displacement measurement (vertical axis) and as a function of the elapsed time since the initiation
of gelation when RAR measurement was applied (horizontal axis). The transition from a liquid
fibrinogen solution to a solid fibrin gel can be seen in the changes to the duration and spacing of
the measured oscillations. We also generated heatmap of the evolving power spectrum (Fig. 3.3D)

for 4 and 8 mg/ml fibrin gels in both 48 and 96 well microplate geometries.
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Figure 3.3: A) Surface displacement versus time and B) Power spectra for 8 mg/ml fibrin measured
before (black) and after (red) gelation. C) Heatmap showing normalized displacement (color) as a
function of oscillation time (vertical axis) and elapsed time since thrombin addition (horizontal axis). D)
Heatmaps of changing power spectra for 4 and 8 mg/ml fibrin gels cast into 96 and 48 well plates. Color
indicates the normalized power over the frequency spectrum (vertical axis) as a function of the elapsed
time since the initiation of gelation (horizontal axis).



The color indicates the normalized power over the frequency spectrum (vertical axis) as a
function of the elapsed time since the initiation of gelation (horizontal axis). The heat map reveals
the temporal evolution of the frequency components of resonant surface oscillation during fibrin
gel formation. There are noticeable differences in the spectral heatmaps for each of the fibrin gels
and geometries tested. The temporal changes to frequency appear to be smooth and continuous,
except approximately 3 to 4 minutes after the addition of thrombin, when there is a brief
discontinuity. A combined plot was generated showing frequency (extracted using a hamming
window) and damping (extracted using a weighting function with R =20) is shown in Figure 3.4A.

A four-stage process was observed in the temporal changes, including capillary,
pseudocapillary, and Rayleigh waves with a discontinuous transition between periods of dominant
pseudocapillary and Rayleigh oscillations. We will subsequently describe in detail the temporal

evolution of an 8 mg/ml fibrin gel in a 96 well plate as it goes through these stages.

3.3.3 Capillary wave behavior

From the very beginning of the experiment shortly after addition of thrombin, 7y, and until
about 7 = T; = ~180 s, a dominant mode of surface wave was detected in the sample with an
angular frequency of approximately 400 rad/s (Fig. 3.4A). Since the sample was known to be in
the liquid phase initially, the surface waves were expected to be capillary waves driven primarily
by the surface tension, g, of the liquid sample with negligible elastic component. Using Equations
7 and 8 and the observed (0, 2) mode, the surface tension and viscosity of the sample were
determined to be 36.4 + 0.6 mN-m and 6.90 + 0.05 mPa-s when calculated, respectively, from the
measured resonant angular frequency, 418 + 3 rad/s, and damping coefficient, 40.4 = 0.3 rad/s.
During this stage, both the resonant frequency and damping coefficient exhibited little change,

suggesting a constant surface tension and viscosity in the sample.
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Figure 3.4: Dynamic RAR measurements from the gelation of 8.0 mg/ml fibrin gels in a 96-well plate.
A) Natural frequency (left axis) and damping coefficient (right axis) measured over time following the
addition of 0.1 U/ml thrombin. B) Close-up view of the power spectrum heatmap at the crossover with
black dots indicating fitted peaks. C) Individual natural frequency (left axis) and damping coefficient
(right axis) measurements near the crossover point. D) Combined shear modulus (G) and viscosity (1)
measured over the entire gelation. Error bars represent standard deviation (n=4).
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3.3.4 Pseudocapillary elastic increase

During the next stage (7'= 77 — T>= 180 - 220 s), the resonant frequency increased, along
with a rapid increase in damping coefficient suggesting that the sample was becoming more
viscous and exhibiting viscoelastic behavior, as predicted by the HPP theory. Extended from the
classical Landau-Levich description of surface waves, the HPP theory of the hydrodynamics of

viscoelastic fluids includes the impact of elastic component on the surface wave characteristics.

The wavelength of the (0,2) resonant mode, ki ~0.6 mm is comparable with the characteristic
2

shear length [; = Z—; ~ 1 mm for shear modulus Go ~ 10 Pa. Now with both surface tension and

elasticity as restoring force, the surface waves in the sample are characterized as pseudocapillary
waves with a dispersion relation defined in Equation 9. Using this equation, we determined the

shear modulus of the sample at a given time T from the measured resonant frequency wy.(T) and

w. measured at 7y previously by assuming the surface tension remains constant during the gelation

process.

3.3.5 Rayleigh progression

Interestingly, as the dominant angular frequency increased to a peak value around 4
minutes into gelation, a new frequency component appeared besides the pseudocapillary wave
(Fig. 3.4A). For a short duration, the two distinct frequency components co-existed, as shown in
the power spectrum (Fig. 3.4B), which coincides with a sharp peak in the damping coefficient at
T = Tc =235 s (Fig. 3.4C). These observations are consistent with the prediction and observation
by Onodera and Choi [13,15] that pseudocapillary wave and Rayleigh waves can co-exist on soft
gels in an elastocapillary crossover region [13]. Importantly, these changes suggest that the

material was in the process of transforming from viscoelastic fluid to viscoelastic solid, and the
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increasing contribution of the elastic component of the restoring force resulted in the emergence
of a Rayleigh wave, following the dispersion relations detailed in Equations 10 and 11. In the final
stage, immediately after the crossover, the pseudocapillary wave disappeared while the Rayleigh
wave became the dominant wave mode, accompanied by a sharp drop in the damping coefficient
to a stable level (Fig. 3.4A), suggesting that the material had progressed into the solid-like regime.
The measured frequency and damping coefficient of the (0, 2) mode at the end of gelation, 851 +
20 rad/s and 219 + 9 rad/s, were used to calculate the final shear modulus and viscosity to be 214
+ 14 Paand 166 = 7 mPa-s.

The dynamic shear modulus and viscosity was plotted (Fig. 3.4D) using a piecewise
function with Equations (9) and (8) calculating the shear modulus and viscosity from
pseudocapillary waves before the liquid-solid crossover and Equations (10) and (11) calculating
the viscoelastic parameters from the Rayleigh wave afterwards. This approach eliminates the
discontinuity seen the resonant frequency during gelation, reflecting the more likely continuous
development of an elastic fibrin network with a monotonically increasing shear modulus.

However, this approach does not fully account for the local peak in damping coefficient.
The difference in the hydrodynamic equations relating damping to viscosity for pseudopapillary
and Rayleigh (Equations 8 and 11) account for some of the initial spike in damping. For a given
material viscosity, the damping of pseudocapillary waves will be greater than that for Rayleigh
waves. The transition between dominant oscillatory modes will therefore be accompanied by a
resulting shift in damping. This transition is accounted for in the piecewise calculation of viscosity
of time, but there is still a discontinuity and a local peak observed in Figure 3.4D, indicating
transitional phenomena not accounted for in the current model. A similar phenomena has been

observed in studies looking at the phase transition of hydrogels as a function of temperature [14]
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or as a function of polymer concentration [8,16]. However, these studies were examining static
materials, where the phase transition was simulated. Our study is looking at the dynamic transition,
measuring the changing surface wave properties in real-time over the course of gelation. One
possible explanation for this behavior is that as a material transitions between liquid and solid
states there will be a high degree of spatial phase heterogeneity. This will lead to a much greater
variation in the oscillatory frequencies generated, with destructive interference from out of phase
oscillations leading to an elevated damping. Additionally, it is also possible that this measured
result is reflecting an actual temporary increase in viscosity as the gel goes an intermediate
structure during gelation. Conventional approaches for the measurement of dynamic changes in
viscosity during hydrogel formation do not show this intermediate peak, but this difference may
partially attributed to structural alterations caused by contact-based measurement that alter

structure of a partially formed gel.

3.3.6 Crossover (elastocapillary number and length)
To examine further the dynamic crossover from the capillary to elastic regimes due to the

interplay of both surface tension and shear modulus in the material, we define a dimensionless

elastocapillary number for RAR, A = aTGO = 12 , where [, = 0 /G, is the elastocapillary length, to
e

describe the relative importance of elasticity to surface tension in the resonant surface oscillations.

By scaling the resonant angular frequency of the pseudocapillary and Rayleigh waves by the

capillary wave frequency, we obtain

Wyc 4@, 4

w—i:\/1+0k;:\/1+a/\ , forA<ACR [12]
G

Z_f::\/1+(i_:1:\/1+£1\ . for A > Ay [13]
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where A is a critical value associated with the capillary to elastic transition in RAR measurements.

wpc) 2 4 wr\2 P
At the crossover, ( ) =1+—Acr and (—) =1+ —Acp, thus
w am w¢ am

er =25 ](52) - (22) ] 4

From the measured angular frequency of a capillary wave at Ty, as well as the measured
angular frequency for pseudocapillary wave and Rayleigh wave at the crossover region 509 + 13
and 425 + 7 rad/s, we determined A gz = 0.82 = 0.15. This corresponds to a critical shear modulus

G =9.1 £ 1.7 Pa, if we assume the surface tension remained unchanged during the fibrin gelation

in this study.

3.3.7 Multiple plate size comparisons

Importantly, data obtained from experiments using different size of microwells was used
to verify that RAR measurements are able to identify the intrinsic viscoelastic properties of a
material and are not limited to comparisons of materials with identical geometry. Dynamic RAR
measurements were performed over the course of gelation for fibrin gels in 96 and 48-well
microplates. The different geometries of these plates resulted in circular samples surfaces with
diameters of 6.5 and 11 mm, respectively. Comparing measured frequencies over time for an 8
mg/ml fibrin gels in 96 and 48 well plates (Fig. 3.4A and 3.5A) showed similar gelation kinetics,
but with a clear negative shift in frequencies for samples with a larger sample diameter.
Calculations of the surface tension from initial frequencies, representing the capillary waves on a
fibrinogen solution, were extremely close at 36.4 + 0.6 and 36.1 = 0.7 mN-m, for 96-well and 48-
well geometries. There was not a clear discontinuity in the heatmap at the start of gelation for the
48-well samples (Fig. 3.5B), but dynamic damping measurements for these samples (Fig. 3.5C)

displayed a small local peak, indicative of gel point, at approximately the same time as the 96-well
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Figure 3.5: Dynamic RAR measurements from the gelation of 8.0 mg/ml fibrin gels in a 48-well plate.
A) Natural frequency (left axis) and damping coefficient (right axis) measured over time following the
addition of 0.1 U/ml thrombin. B) Close-up view of the power spectrum heatmap at the crossover with
black dots indicating fitted peaks. C) Individual natural frequency (left axis) and damping coefficient
(right axis) measurements near the crossover point. D) Combined shear modulus (G) and viscosity (1)
measured over the entire gelation. Error bars represent standard deviation (n=4).
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geometry, T = ~220s, showing that the measured kinetics of gelation are very similar for the two
samples. The shear modulus and viscosity were calculated piecewise using the appropriate
hydrodynamic equations during the pseudocapillary phase (T<220s) and Rayleigh phase (T>220s)
(Fig. 3.5D). While not identical, these comparisons show that the final measured shear moduli,
214 + 14 Pa and 244 + 10 Pa for 96 and 48 well geometries, have only a 13% difference, compared
to the 38% difference between the final resonant frequencies.

Additional experiments performed with 4 mg/ml fibrin gels confirmed the kinetic similarities
between gels formed with different geometries in both frequency and damping. However, unlike
the 8 mg/ml fibrin gels, accounting for different geometries in the calculation of the shear modulus
and viscosity did not adequately correct for differences in the resonant properties. While the final
shear moduli are similar in magnitude for the 8§ mg/ml samples, the lower concentration fibrin
samples had more than a 50% difference in the final calculated shear moduli (Figure 3.6). A
previous study, shown in Chapter 2, comparing the shear moduli of stable gelatin and agarose
samples in different sized microplates confirmed the results seen in high concentration fibrin,
where geometric correction in modulus calculation was successful (Fig. 2.10). These results
indicate our modulus calculations are accurate for stiffer materials (> 100Pa) but require further
refinement in softer gels. The greater elastocapillary lengths in these softer gels may allow for the
development of resonant oscillations outside the 0,2 mode previously observed.

An additional resonant mode appears during the gelation of the 4 mg/ml fibrin in a 96 well
plate (Fig. 3.3D) for all replicates. Approximately 3 minutes after the addition of thrombin, near
the crossover point, a lower frequency peak appears, in addition to what we assume to be the 0,2
mode seen in other materials. This peak in the power spectrum increases in frequency, like the

peak for the 0,2 oscillation, and in amplitude relative to the 0,2 peak, quickly overtaking it as the
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highest peak over the next few minutes. This additional mode raises the possibility that the single
oscillatory mode measured after crossover for the 4 mg/ml fibrin in a 48 well plate may not actually
be the 0,2 mode. Further experimentation, using high-speed imaging in conjunction with RAR for
a variety of sample geometries and at low fibrin concentrations may be necessary to elucidate what

oscillatory mode we are measuring and improve our ability to correct for geometric variations with

very soft hydrogels.
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Figure 3.6: Rough calculation of average shear moduli shear kinetics for 4 and 8 mg/ml fibrin gels in 48
and 96 well plate geometries (n=4).

3.3.8 Blood coagulation Kinetics
Following the initiation of coagulation in citrated porcine blood through the addition 0.02M
CaCl, dynamic changes in blood mechanics were measured using RAR. Heatmaps of dynamic

displacement and power spectra were generated (Fig. 3.7A and B) in the same manner as Figures
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3.3C and 3.3D. The heatmaps closely resembled those of fibrin gels. As with fibrin, initial
measurements of high amplitude and low frequency resonant waves followed by a rapid increase
in frequency represent the transition from capillary waves on the surface of liquid blood to
pseudocapillary and finally Rayleigh waves as coagulation progresses. While the initial

frequencies and kinetics are similar to that of purified fibrin, the maximum frequency achieved
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Figure 3.7: A) Heatmap showing normalized displacement (color) of whole blood sample as a function of
oscillation time (vertical axis) and elapsed time since CaCl, addition (horizontal axis). B) Heatmap of
changing power spectra for whole blood. Color indicates the normalized power over the frequency
spectrum (vertical axis) as a function of the elapsed time since CaCl, addition (horizontal axis). C)
Dynamic RAR measurements of natural frequency from the coagulation of whole porcine blood in a 96-
well plate. Error bars represent standard deviation (n=4).
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with coagulated whole blood was approximately 2-fold higher than 8 mg/ml fibrin and 3-fold
higher than 4 mg/ml fibrin (Fig. 3.7C). Typical fibrinogen concentrations in blood range from 1.5
to 4 mg/ml [17]. The increased stiffness measured in the clots, must therefore result from the
additional elements not present in the pure fibrin gels, such as platelet contraction and fibrin
crosslinking via Factor XIII [18]. An additional dynamic phenomenon is observed in the long-term
viscoelastic properties of the blood clot, where a peak shear modulus was achieved approximately
30 minutes after initiation but was followed by a gradual reduction in stiffness. This reduction was
not observed in pure fibrin-thrombin gels, and therefore may be the result of the additional
elements found in whole blood, such as plasmin mediated degradation of fibrin networks or the
relaxation of platelets [19]. The separate components of clot softening can be explored individually
in order to compare the diagnostic insights from RAR and conventional thromboelastography,
measuring fibrinolysis in plasma and whole blood clots while utilizing various plasmin activators

or inhibitors, such as tPA or aprotinin, to isolate specific mechanisms.

3.3.9 PEG-NB Kinetics

Unlike the enzymatic reactions driving fibrin polymerization, PEG-norbornene (PEG-NB)
gels required the application of UV light to initiate crosslinking. Dynamic RAR measurements
were performed, tracking the mechanical development of solutions with 30, 50, and 100 mg/ml
PEG-NB with 0.5, 1, or 2 mM LAP during a 1 minute illumination with a 365nm UV LED.
Spectral heatmaps were generated for each composition measured (Fig. 3.8). Clear trends in the
maximum frequencies can be observed moving from left to right, with increased PEG-NB
concentration leading to a higher frequency after UV crosslinking. Additionally, there were
observed differences in the kinetics of gelation for samples with variable LAP concentration,

increasing from top to bottom.
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Figure 3.8: Heatmaps of changing power spectra for PEG-NB gels crosslinked using UV with variable
PEG and LAP concentrations. Color indicates the normalized power over the frequency spectrum
(vertical axis) as a function of the elapsed time since the initiation of gelation (horizontal axis).

The dynamic shear modulus was calculated using the piecewise method described above
(Fig. 3.9A) and showed a sinusoidal increase with time. While similar in shape to the dynamic
measurement of fibrin gelation, the PEG-NB crosslinking occured almost 2 orders of magnitude
faster, starting to increase as soon as 2 s after the initiation of UV illumination and reaching a
stable maximum value in less than 10 seconds. To measure changes with this high temporal
resolution we developed the rRAR protocol, combining multiple excitation pulses into a single

tracking measurement which enabled sampling rates as high as 5 Hz.
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The concentrations of PEG-NB and LAP have substantial effects on the dynamic viscous
measurements (Fig. 3.9B). Like the impact of polymer concentration on shear modulus, PEG
concentration impacts the magnitude of viscosity in the crosslinked gels without noticeably
impacting the kinetics of gelation. The viscosities of 30, 50, and 100 mg/ml PEG-NB gels after
fully crosslinking were significant different, measuring 50 = 1, 87 £+ 3, and 232 + 15 mPa-s,
respectively. Increases in the LAP concentration of 50 mg/ml PEG gels did not impact the viscosity

after fully crosslinking, but did decrease the delay before the sharp peak in damping.
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Figure 3.9: A) Combined shear modulus (G) and B) viscosity (17) measurements of PEG-NB gels
generated using rRAR over the first 15 seconds of UV crosslinking. Dashed black line represents
exponential model fitting. Comparison of the fitted parameters C) final shear modulus (G ), D) lag-time
(To), and E) time constant (7). Error bars represent standard deviation (n>3). Horizontal lines indicate
significant differences between groups with p < 0.05.
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To compare the dynamic changes in elastic properties, the combined shear modulus was

fit to the following exponential model using a least-squares optimization,

(T-Tp)

G(T)=G,(1—e” = ), (15)

to extract the final shear modulus (G, ), the lag-time before gelation (Tj), and a time constant for
the rate of gelation 1. The average of fittings for each material formulation are shown in Fig. 3.8A
as dashed lines, and the fitted parameters are shown in Fig. 3.8C-E.

The maximum resonant frequency achieved (Fig. 3.9C) correlates with increasing PEG-
NB concentration, corresponding to final shear moduli of 291 + 36 Pa, 990 + 86 Pa, and 4245 +
230 Pa for the 30, 50, and 100 mg/ml gels, respectively. These differences in shear modulus were
significant (p < 0.005). PEG-NB solutions with a constant 50 mg/ml polymer concentration, and
LAP concentrations of 0.5, 1, and 2 mM, were also measured to explore differences in crosslinking
kinetics due to changes in the rate of free-radical production. Although smaller than differences
due to PEG-NB concentration, changes in LAP did have a small but significant effect on the G,
(P <0.05), increasing from 837 = 56 Pa to 990 + 86 Pa to 1221 + 42 s Pa for 0.5, 1 and, 2 mM
LAP, respectively. The different LAP concentrations also result in clear kinetic differences in the
dynamic resonant frequency curves. The lag-time before gelation (Fig. 3.9D) did not show any
relationship with bulk polymer concentration, as there were no significant differences in T,
between gels made with 1 mM LAP, but the lag-time before gelation decreased with LAP
concentration, ranging from 1.8 + 0.2's,2.9 + 0.1 s, and 5.4 £ 0.4 s for 0.5, 1 and, 2 mM LAP,
respectively. Finally, the time-constant (Fig. 3.9D) also showed a significant decrease with
increasing LAP concentration (0.3 £0.1s,0.8 £0.2s,and 1.6 £ 0.4 s for 0.5, 1 and, 2 mM LAP).
Also, while there was no significant difference in 7 between 50 and 100 mg/ml PEG gels, the 30

mg/ml gels did have a significantly lower value.
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These results highlight the modularity of photopolymerized PEG system when compared
to fibrin. While increasing polymer concentration leads to an increase in modulus and viscosity
for both PEG and fibrin hydrogels, the kinetics of the fibrin gels vary significant with concentration

where the PEG gels do not.

3.3.10 Overdamped phase

A small discontinuity was observed in the extracted measurements of both resonant
frequency and damping shortly after the beginning of gelation for 30, 50, and 100 mg/ml PEG gels
with 1 mM LAP. Close observation of the dynamic power spectra (Fig. 3.10A-C) showed that
during this period the peak spectral frequency shifts abruptly to 0 rad/s. This can be seen by the
thin band of yellow at 0 rad/s between 2 and 4 seconds of elapsed time. This indicates that the

resonant surface waves are no longer forming a completely underdamped harmonic oscillator. This

. . . r .
transition occurs when the damping ratio, defined as { = —, Is equal to or greater than one,
0

respectively indicating a critically damped or overdamped system. Our extraction of resonant
parameters relies on the identification and fitting of Lorentzian peaks in the power spectrum, but
this only functions with an underdamped oscillation so we are unable to quantitatively measure
when { > 1. However, we can observe the asymptotic shape of the damping ratio time series (Fig.
3.9A-C) and infer that the missing points are crossing that threshold value of { > 1. Comparing
individual power spectra at times before, during, and after this transition, there are notable
differences in the shape of the middle peak (Fig. 3.10D-F). There is still a measurable frequency
peak at the 3 second elapsed time for the 30 mg/ml PEG-NB gel, but it is no longer the global
maximum in the power spectrum and is significantly broader than the 0 and 6 second peaks. The
power spectra for 50 mg/ml and 100 mg/ml PEG-NB do contain any recognizable Lorentzian peak

at the 3 second point, demonstrating the reason for the gap in fitted resonant parameters at this
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time. This phenomenon can also be observed directly in the displacement time-series data (Fig.
3.10G-I). Displacement curves for both the uncrosslinked solutions (0 s) and fully crosslinked gels
(6 s) have the expected shape of an exponentially decaying sinusoidal oscillation. The curve of
displacement at 3 s, however, shows only an exponential decay following the initial deformation,
the characteristic shape for a critically-damped or over-damped oscillator. This is particularly
pronounced in the 100 mg/ml PEG-NB gel, where the surface does not oscillate at all, slowly

returning to the baseline position after the initial excitation.
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Figure 3.10: Close-up view of the power spectrum heatmap at the crossover for UV crosslinked PEG-NB
with concentrations of A) 30, B) 50, and C) 100 mg/ml. The red dots indicate the damping ratio (),
showing the drastic increase during crossover. D-F) Power spectra and G-I) displacement time series for
D&G) 30, E&H) 50, and F&I) 100 mg/ml PEG-NB gels before, during and after UV crosslinking.
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As previously discussed, this dramatic increase in damping relative to resonant frequency
occurs as the solution reaches the gel point. While a sharp peak in damping has been observed in
other materials discussed in this study, we only observed this phenomenon of overdamping in PEG
hydrogels. This difference in the viscoelastic kinetics may be explained as resulting from the
structural and mechanistic differences in gels and polymerization, with PEG gels forming from the
UV initiated covalent crosslinking of individual branched polymer chains and the natural
materials, including fibrin and LAL gels, forming as enzymatic cleavage of precursor proteins,
fibrinogen and coagulin respectively, generating the building blocks for solid fibrillar gels.
Alternatively, temporary overdamping during phase transition may not be unique to PEG but is

only detected in this system due the higher measurement sampling rate of rRAR.

3.3.11 LAL Kkinetics:

The most common LAL based methods for endotoxin detection are the gel clot,
turbidimetric, and chromogenic assays [20]. The gel clot assay looks at the simple presence or
absence of a solid clot after the addition of a solution that may contain endotoxin. This approach
1s semi-quantitative, only identifying whether or not a solution is above or below a threshold
endotoxin concentration that will form a clot in a defined time frame. Unlike the gel clot assay,
the turbidimetric and chromogenic assays do not utilize mechanical changes, but track optical
changes due, respectively, to either increased absorbance during coagulin polymerization or to the
release of a chromophore from a modified coagulogen during the enzymatic cleavage. The
approaches allow for dynamic monitoring of the clotting process, enabling quantification of the
endotoxin concentration as a function of the time delay to reach a set optical threshold. This
approach however is limited in the case of samples that interfere with optical measurements, such

as those containing chromophores or colloidal suspensions.

97



In order to overcome conventional limitations to the robust quantification of endotoxin
concentration, we have used RAR to measure the changing viscoelastic properties of LAL
solutions. Spectral heatmaps generated from dynamic measurements of coagulin gels forming with
endotoxin added to a DI water medium, ranging from 0.002 to 0.5 EU/mL, showed a sigmoidal
kinetic profile (Fig. 3.11). As with fibrin, we can see a discontinuity in the frequency early in the
gelation process. The timing of this discontinuity varies with endotoxin concentration, occurring

as early as 20 minutes and as late as 80 minutes after the addition of endotoxin.
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Figure 3.11: Heatmaps of changing power spectra for LAL gel clots crosslinked with endotoxin
concentration ranging from 0.002 EU/ml to 0.5 EU/ml. Color indicates the normalized power over the
frequency spectrum (vertical axis) as a function of the elapsed time since the initiation of gelation
(horizontal axis).

98



Extraction of the resonant frequency allows for direct comparison of the gelation kinetics
(Fig. 3.12A), showing a clear decrease in both the duration of the capillary phase and a decrease
in the final frequency with increasing endotoxin concentration. The slight differences in kinetics
for replicate measurements does result in the loss of a clear discontinuity when comparing average

frequencies Similar to damping measurements in fibrin or PEG, the dynamic damping behavior of
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Figure 3.12: Dynamic measurements of LAL gel clots. A) Natural frequency and B) damping coefficient
measured repeatedly for 2 hours after the addition of endotoxin at concentrations ranging from 0.002
EU/ml to 0.5 EU/ml. Lines show the mean measurements at interpolated time points (n>3). Red Line

represent the threshold damping value for determining the starting of the phase transition. C) Calibration

curve, relating endotoxin concentration to crossover time on a log-log axis with a dashed red line for the
linear regression. Error bars represent standard deviation (n>3). D) Comparison between the
concentration of endotoxin added to D10, DMEM, and water and the concentrations measured using the
dynamic RAR measurements.
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LAL gels (Fig. 3.12B) is characterized by a rapid increase as gelation initiates followed by a rapid
decline as the surface waves transfer from primarily pseudocapillary to Rayleigh. With increasing
endotoxin concentration, we observed a clear increase in the rate of gel formation. Increases in the
rate were characterized by a decreased delay before pseudocapillary frequency or damping
increase, a decrease in delay before pseudocapillary to Rayleigh transition, and an increase in the
maximum slope of Rayleigh frequency increase. The role of endotoxin in controlling the kinetics
of gel formation is expected, as explained earlier, due to its role as the initiator of the clotting

cascade.

3.3.12 RAR-LAL Gel Clot Assay:

As a direct comparison to conventional gel clot LAL assays, we compared the resonant
frequency and damping for samples at each endotoxin concentration exactly 1 hour after the assay
start. While the single-point measurements of frequency (Fig. 3.13A) show significant differences
between the high (>0.015 EU/ml) and low (<0.005 EU/ml) endotoxin concentrations, there is no
consistent correlation between the measured frequency and endotoxin concentration this approach,
meaning that this will still only provides a binary output. Single-point measurements of damping
(Fig. 3.13B) do not show any significant differences between higher endotoxin concentration
samples. There is an increase in the variability of this measurement at concentrations below 0.01
EU/ml, but there is no trend that could aid in the quantification using this metric. The use of RAR
to quantify the mechanics may increase the assay sensitivity beyond the manufacturer’s designated

sensitivity for this assay of 0.03 EU/ml.
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Figure 3.13: Analog to traditional gel clot measurements. A) Natural frequency and B) damping
coefficient measured 1 hr after the addition of endotoxin at concentrations ranging from 0.002 EU/ml to
0.5 EU/ml.

This application of RAR can reduce the subjectivity of a conventional gel clot assay, by
providing a quantitative output for discriminating between positive and negative samples. It does
not, however, overcome the inherent qualitative limitation of the gel clot method. The quantitative
measurement of endotoxin using LAL gel mechanical properties required the use of dynamic

results.

3.3.13 RAR-LAL Dynamic Quantification:

We identified a metrics for quantification based on the dynamic RAR measurements,
utilizing the stark changes in damping that occur during the transition from pseudocapillary to
Rayleigh wave behavior. Like the optical threshold used to in turbidimetric or chromogenic assays,
we defined a damping threshold of 7 Hz, shown as a dashed red line in Fig. 3.12B, to identify the
early stages of gelation, referring to this event as the crossover time. Fig. 3.12C shows the
crossover time plotted against the endotoxin concentration in standards prepared with DI water.
When plotted on a logarithmic scale there is a clear linear relationship with a decreasing slope,

indicating a consistent decrease in gelation time with increasing sample endotoxin concentration.
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A linear regression was performed (R?> = 0.803) and used to compare the added endotoxin
concentration with that measured using RAR. With this approach we found the limit of blank
(LOB) to be 0.003 EU/ml and the limit of detection (LOD) to be 0.006 EU/ml. This indicates that
we can quantify endotoxin concentrations far below the reported gel clot sensitivity for this assay

0of 0.03 EU/ml.

3.3.14 RAR-LAL Interference:

The ability of this assay to function with various mediums was also tested. In addition to
endotoxin diluted in DI water, DMEM, and D10 were also tested as potential diluents. These
mediums are commonly used in mammalian cell culture, providing a practical test of our dynamic
RAR-LAL assay. Crossover times were calculated from dynamic RAR as previously detailed and
was used to calculate predicted endotoxin concentrations (Fig. 3.12D). Endotoxin concentrations
in DMEM were slightly overpredicted for all concentrations. This overprediction of endotoxin
concentration relative to control indicates that the addition of DMEM increases the kinetics of
coagulin gelation. The addition of 10% FBS also impacted the dynamic gelation of the LAL
reagent. The measured endotoxin concentrations in D10 were significantly lower than control, with
no detectable crossover for the lowest concentrations of endotoxin after 2 hours. This indicates
that while DMEM may increase the rate of coagulin gelation, FBS inhibits this enzymatic process.

A variety of media components present in DMEM, including sodium chloride, L-arginine,
and glucose, have been identified as potential inhibitors of the LAL clotting cascade. However,
the mechanical RAR method was not significantly affected by these medium components,
maintaining a sensitivity similar to the control for most concentrations. This result is particularly
important due to the presence of phenol red in DMEM. While inconsequential to a mechanical

assay, Phenol red acts as both a chromophore and fluorophore, with spectral properties influenced
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by pH, adding a potentially variable interference to an optical assay. While interference was
observed with the D10 media, this is expected as serum is known to be a potent inhibitor of the
LAL assay clotting potential. Despite inhibition, a clear relationship was still, observed between
crossover time and endotoxin concentrations well below the reported 0.03 EU/ml, indicating that
a dynamic mechanical assay of LAL using RAR is robust enough to be used in samples that possess

some level of assay inhibition.

3.4 Conclusions

This study using RAR obtained longitudinal measurements of the same samples at high
temporal resolution in a sterile condition, capturing the dynamic changes during fibrin, PEG, and
coagulin gelation, and revealing the capillary to elastic transition. We were able to identify unique
phenomena in the resonant oscillations measured by RAR, identifying a transition between
capillary and Rayleigh waves during phase transition, as well as a pronounced elevated damping
during this intermediate period. Building upon these observations, dynamic RAR measurements
of coagulin gels formed during an LAL gel clot assay were used to identify the gel point. This
further was demonstrated to be a robust and quantitative predictor of endotoxin concentration.

These dynamic studies used initial measurements, at the start of the gelation process to
calculate the surface tension of the polymer solutions. While surface tension of liquids is well-
established, the relevant question whether soft biomaterials such as hydrogels exhibit detectable
effect of surface tension has only been examined in more detail recently. Jagota et al. [2] reported
direct measurement of surface tension of soft solids by observing the changes in deformation of
gel replicas of poly (dimethysiloxane) masters with rippled surfaces over time driven by surface
tension and resisted by elasticity. However, shear modulus must be determined using other method

independently and fabrication of rippled substrates are needed. Similarly, other traditional studies
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of viscoelastic solution or soft solids, measurement of either surface tension or the shear modulus
requires the other parameter to be determined using a different method independently [2,6,8]. In
contrast, RAR offers the advantage of measuring both surface tension and shear modulus of soft
biomaterials, either by examining the two surface waves in the elastocapillary crossover region or
by performing parallel experiments of similar sample using microwells with different well sizes.
The capability of RAR to measure surface tension soft gels is particularly important because
conventional techniques including Wilhelmy plate and du Nuoy ring, spinning drop, and pendant
drop methods, are not suitable for soft gels. These contact-require approaches either fracture the
gel or unable to detangle the effects of elasticity from the surface tension [6,8]. A recent study
measured surface tension from planar elastocapillary waves [6] but required a large material
surface.

In addition, the dimensionless elastocapillary number for RAR, A=aG/G, may be easily
adjusted by using different sized sample chamber to match the characteristic elastocapillary length
scale o/G, thus the technique offers the flexibility to examine the elastocapillarity in materials with
a wide range of properties. Finally, as noted by Shao et al. [8] regarding the study of
elastocapillarity based on gel drop shape oscillation, study of the dynamics of soft materials may
have the potential to gain insights into the naturally more complex characteristics than statics due
to multiple relaxation time scales. Compared to the study of gel drop oscillation using acoustic
levitation and optical imaging [8], RAR uses acoustic pulses for excitation and detection, and when
coupled with standard labware, offers a platform decidedly simple and suitable for long term study

of biomaterials as well as biological samples such as coagulating blood.
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Chapter 4 Demonstration of combinatorial material design using RAR

4.1 Introduction

A quick review of the recent tissue engineering literature will undoubtedly demonstrate an
incredible diversity of hydrogels currently being developed for medical applications. These
materials are used for a variety of roles, such as synthetic ECM, drug delivery systems, contact
lenses, and wound closure, and can be constructed from both natural and synthetic polymers. These
materials can be precisely tailored, altering structural properties of the physical gel such as
elasticity [1,2], viscosity [3,4], or porosity [5—7], as well as those modifying its bioactive potential,
such as binding ligand availability [8,9], degradability [10,11], and retention or release of paracrine
signaling molecules [12,13].

The flexibility of hydrogel systems may provide the potential to precisely tune a material
for any application, however, in practice this is incredibly challenging. Even the simplest hydrogel
systems can have a broad range of compositional parameters [14,15], from the polymer chemistry,
molecular weight, and concentration to the pH, ionic strength, and temperature of the solution, that
can influence the physical properties of the resulting material. Many of these parameters have been
studied individually, and while that has helped to form a broad base of knowledge to inform the
development new hydrogel formulations, few studies have explored the synergistic relationships
between design parameters. To gain insight on these complex, multiparametric relationships it is
necessary to apply combinatorial methods to the development and characterization of soft

biomaterials [16].
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There has been some work applying combinatorial methods to explore the design of tissue
engineering materials [8,17,18], however the lack of mechanical characterization tools with
sufficient throughput has been identified as a critical bottleneck. Few commercial platforms for
high-throughput mechanical testing are available for researchers in an academic setting, there have
been reported applications of modified compression or indentation systems to enable to rapid or
simultaneous testing of multiple samples [19-21]. While these methods represent an important
advancement in high-throughput mechanical characterization, they are limited by requirement for
direct material contact during testing. This can damage the hydrogel microstructure and introduce
contamination, which may limit these methods to end-point measurements for each sample. This
will require additional material samples to be prepared and sacrificed for each measured time-
point, generating a substantial experimental burden, particularly in the case of combinatorial
studies where there may be tens or hundreds of samples being tested. Bioreactor systems, with
integrated force transduction and measurement, have been developed to enable longitudinal
material testing, however, scaling these systems for multiple sample testing results in a
proportional increase in cost and complexity, limiting their feasibility in high-throughput
combinatorial testing [22-24].

In order to address the limitations of existing mechanical characterization techniques we
have recently developed a novel methodology, called Resonant Acoustic Rheometry (RAR) [25].
This non-contact method utilizes focused ultrasonic pulses to generate and track oscillatory
perturbations on the surface of materials that can be used to quantify the bulk viscoelastic
properties. These measurements are performed on samples contained within the sealed wells of a
standard cell culture microplate, as shown in Figure 4.1A-C, allowing for the use of conventional

automated fluid handling systems for high throughput sample generation and eliminating the risk
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of contamination during testing. Each measurement only requires a fraction of a second, making
it possible to rapidly measure material arrays of up to 96 samples in less than 2 minutes.
Additionally, these rapid, non-contact measurements can be repeatedly applied to each sample in
a microplate without damage or degradation, allowing for the simultaneous longitudinal
measurement of a large number of samples to identify changes in material mechanical over

seconds, minutes, and even days (Fig. 4.1D). The throughput of this system is not even limited by

D 106

=

w

~—— RAR Measurement Duration ( > 1 s)

-
\.

Shear Modulus: G (kPa)

3
| 10
!
ol
0 2 4 6 8 10 12
RAR Measurement Time (hours)
© RAR Measurement Interval ( > 200 ms)
£ [ 100
E 2 Acoustic Excitation - Oscillation Tracking Duration (100 ms)
2
?:;_ of IV\,WM_______
a
20 103
20 40 60 80 100
Osellation Tracking Time (ms) « Oscillation Tracking Interval (100 ps)
2 sample Surface « Echo Sampling Duration (10 us)
s 1 4
3 | s 10¢
£ ot e
7, A ‘|
= ., Plate Bottom
58 6 62 64 66 N Echo Sampling Interval (4 ns)
Echo Sampling Time (us) 1 0-9

Figure 4.1: 3D model of RAR experimental setup in A) isometric, B) top, and C) side views, showing
how the alignment of the transducer and microplate enable plates to be easily switched for high-
throughput measurements. D) Logarithmic time scale show how time scales involved in RAR range from
nanoseconds for the RF sampling of ultrasonic echoes to thousands and millions of seconds for the
duration of longitudinal studies.
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the number of wells in a microplate. The experimental setup enables the microplates to rapidly be
removed or replaced without interrupting the ongoing study. This is critical for extended kinetic
studies, enabling the return of plates to appropriate storage or incubation between measurements.
Even more significantly, the ability to quickly swap plates removes any theoretical maximum on
the number of samples that can be longitudinally tracked at the same, allowing for numerous
studies to be completed in parallel without tying up the instrument. Taken together, RAR is the
first mechanical testing platform for viscoelastic characterization with the convenience and
throughput of an optical microplate reader.

To demonstrate the utility of RAR for high-throughput, combinatorial material testing we
studied the mechanical properties of various formulations of gelatin and fibrin hydrogels. Repeated
mechanical measurements with a progressive sampling interval were implemented to explore
multiscale temporal changes in gelatin hydrogels during the process of crosslinking using an
enzyme, transglutaminase, or a bifunctional crosslinking agent, genipin. We also examined the
dynamic mechanical behavior of transglutaminase crosslinked fibrin hydrogels, looking at the
interplay between thrombin and transglutaminase concentrations on the coagulation process. From
these studies, were able to quantify the differences in gelation kinetics and ultimate mechanical
properties between gel formulations, relating these changes to the individual and synergistic

contributions of the multiple hydrogel components.

4.2 Materials and Methods:

4.2.1 RAR Method
RAR measurements were conducted as described in Chapter 3, using the standard (not

rRAR) methodology. All experiments described in this chapter were performed in 96-well plates

110



filled with material samples in all wells. The average movement speed between wells was
optimized by using a snake scan, to avoid the unnecessary moves in a raster scan.

RAR analysis was performed as described in Chapter 3, using the exponentials decay
window (R=20) for all measurement. Viscoelastic properties for all gelatin samples were
calculated using the Rayleigh model (Equations 10 and 11 from Chapter 3). Fibrin mechanical
properties were calculated according to the piecewise method, using the pseudocapillary model
(Equations 8 and 9 from Chapter 3) before crossover, and the Rayleigh model (Equations 10 and

11 from Chapter 3) afterwards.

4.2.5 Hydrogel Stock Preparations

Type A gelatin powder (275 Bloom, Nitta Gelatin) was prepared by dissolving into PBS
with continuous stirring heating and stirring to form a 100 mg/ml gelatin stock solution. Fibrinogen
stock solutions of 4.0 and 8.0 mg/ml (clottable) were prepared by dissolving lyophilized bovine
fibrinogen (F8630, Sigma) in phosphate buffered saline (PBS; Gibco) at 37°C. The fibrinogen
solutions were filtered using a 0.2 um PVDF syringe filter. Genipin (078-03021, Wako) was
dissolved in DMSO at a 200 mg/ml concentration and vortexed until fully dissolve. Microbial
transglutaminase (Activa-TI, Ajinomoto) was dissolved in sterile DI water at a stock concentration
of 10 Unit/ml. Bovine thrombin (T6634; Sigma) was dissolved in a sterile-filtered solution of 0.1

%w/v bovine serum albumin (Sigma) in DI water to form a 50 Unit/ml stock solution.

4.2.6 Mixed Gelapin Experiments

The 100 mg/ml gelatin solution was diluted with pre-heated PBS to generate solutions with
22,44, 66, and 88 mg/ml gelatin concentrations. A 1:2 dilution series of the 200 mg/ml Genipin-
DMSO stock solution in DMSO was performed to generate solutions with 200, 100, 50, 25, and

12.5 mg/ml genipin concentrations. 10 pL genipin solution or control DMSO was added to each
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well of a Syl-Off (Q2-7785, Dow) coated 96-well microplate (269620, Nunc) placed on ice. 90 uLL
of gelatin solution was added to using a 12-well micropipette in order to generate a combinatorial
array of each gelatin and genipin concentration. An adhesive plate seal (Axygen) was applied to
minimize evaporation, and the plate was cooled to 4°C for 15 minutes to rapidly form a solid gel.
After cooling the plate was transferred to a 25°C water bath and longitudinal RAR measurements
of each sample were immediately initiated, with automated resampling at 5-minute intervals for
the first hour progressively increasing to 1-hour intervals during an 8-hour period. Plates were then
transferred to a 25°C incubator. Plates were remeasured using RAR at 12-hour intervals

progressing to 24 hour intervals for the final 2 days of an 8 day study.

4.2.7 Sequential Gelapin Experiments

The 100 mg/ml gelatin solution was diluted with pre-heated PBS to generate solutions with
20, 40, 60, and 80 mg/ml gelatin concentrations. 100 uL of gelatin solution was added using a 12-
well micropipette in order to generate a combinatorial array of each gelatin and genipin
concentration. A silicone plate seal (Fisher) was applied to minimize evaporation, and the plate
was cooled to 4°C for 15 minutes to rapidly form a solid gel. After cooling, 100 uL of PBS were
added to each well and the plate was resealed and transferred to a 25°C incubator. After 24 hours,
the liquid was removed and RAR measurements of each sample were taken. Solutions of 10, 5,
2.5, 1.25, and 0.625 mg/ml genipin were generated by diluting the Genipin-DMSO stock solution
in PBS. 100 uL of the diluted genipin solutions were add to each well of the microplate. The
removal of the liquid, RAR measurement, addition of fresh solution was repeated at 12-hour

increments for 3 days and then at 24 increments for the duration of a 5 day study.
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4.2.8 Transglutaminase Crosslinked Gelatin Experiments

The 100 mg/ml gelatin solution was diluted with pre-heated PBS to generate solutions with
22,44, 66, and 88 mg/ml gelatin concentrations. The 10 U/ml transglutaminase stock solution was
diluted in PBS, to an array of concentrations, such that combined 1:10 with gelatin solutions they
would generate final concentrations 10, 5, 2,5 1,25 0 0.625 U/gram of gelatin. 10 uL of each
transglutaminase solution or control PBS was added to each well of a Syl-Off (Q2-7785, Dow)
coated 96-well microplate (269620, Nunc) placed on ice. 90 uL of gelatin solution was added to
using a 12-well micropipette in order to generate a combinatorial array of each gelatin and enzyme
concentration. An adhesive plate seal (Axygen) was applied to minimize evaporation, and the plate
was cooled to 4°C for 15 minutes to rapidly form a solid gel. After cooling the plate was transferred
to a 25°C water bath and longitudinal RAR measurements of each sample were immediately

initiated, with automated resampling at 5-minute intervals for the first hour

4.2.9 Fibrin Gelation Experiments

Thrombin and transglutaminase stock solutions were added to Syl-Off coated microplates
such that there would be a final thrombin concentration of 100, 50, or 25 U/gram fibrinogen and a
final transglutaminase concentration of 20, 10, 5, or 0 U/gram fibrinogen when combined with 100
ul fibrinogen solutions were added. After adding fibrinogen an adhesive plate seal was applied to
minimize evaporation. RAR measurements were initiated exactly 60 seconds after the addition of
fibrinogen to the plated enzymes and were repeated at 1-minute intervals for the first 30 minutes
progressively increasing to 1-hour intervals during a 12-hour period. The plates were divided into
48 well groups that with staggered initiation times to reduce the number of samples that needed to
be measured at each time point. Fibrin turbidity was measured 24 hours after the start of gelation,

using a Biotek plate reader to measure absorbance at 405 nm.
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4.2.10 Statistical analysis
All data is presented as mean + standard deviation. Significant differences between fitted

parameters were determined using a Student's two-tailed t-test with a = 0.05.
4.3 Results

4.3.1 Gelatin stiffens over time

A set of gelatin solutions were prepared with concentrations of 20, 40, 60, and 80 mg/ml,
and after being added to a microplate they were rapidly cooled to 4°C for 15 minutes. Following
this rapid initial gelation, the plate was moved to a 25°C water bath and longitudinal multiscale
RAR measurements were performed at various time intervals, beginning with 5-minute intervals
for the first hour and progressively increasing to a 24-hour interval after approximately 6 days of
measurement.

All gelatin samples showed a significant increase in shear modulus over the study period

(Fig. 4.2A). The mean kinetic curves were fitted to a modified exponential distribution function,

G(T) = Go + (Goo — Go) (1—@) [1]

e T
to quantify the initial shear modulus, G, final shear modulus, G, lag duration before elastic
increase, Tj, and time constant for growth, 7. The modeled curves are displayed alongside the
experimental results as dashed black lines in Figure 4.2A, and the fitted parameters are displayed
in Figure 4.2C. The initial and final shear moduli both increased significantly with each successive
increase in gelatin concentration (p < 10™). The kinetic parameters, T, and 7, did not show a
relationship with gelatin concentration aside from a significantly elevated time constant with the

20 mg/ml gelatin.
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Figure 4.2: A) Shear modulus (G) and B) loss modulus (wg7n) measurements of 20-80 mg/ml gelatin
hydrogels collected using RAR at multiple time scales for a total of 6 days. Dashed black line represents
exponential model fitting. C) Comparison of the fitted parameters, initial shear modulus (Gg), final shear

modulus (G ), lag-time (To), and time constant (t). Error bars represent standard deviation of fitted
parameters (n=4). Horizontal lines indicate significant differences between groups with p < 0.05.

4.3.2 Increasing gelatin stiffness with genipin crosslinking

The formation of genipin crosslinked gelatin, sometimes called “gelapin”, has been well
studied, however systematic exploration of the crosslinking kinetic has typically relied on assays
to measure the number of free amines, such as a Ninhydrin assay, rather than characterizing the
mechanical changes directly [11,35,36]. This approach is likely driven by the absence of high-
throughput mechanical testing methods available, where common optical plate readers used for
Ninhydrin assays would allow for rapid, high-throughput measurements at a variety of time scales.
Here we demonstrate RAR as a mechanical testing methodology that is able to achieve a high
throughput of easily repeatable non-destructive measurements, enabling mechanical
measurements in longitudinal and combinatorial studies that would have not been previously

possible.
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conc

A set of gelapin solutions were generated in a combinatorial method, with gelatin

entrations of 20, 40, 60, and 80 mg/ml and genipin concentrations of 1.25, 2.5, 5, 10, and 20

mg/ml, and multiscale longitudinal mechanical measurements were performed using RAR.

teste

We observed an increase in the shear modulus, G, over time for all gelapin formulations

d (Fig. 4.3A). The shear modulus initially increased rapidly with a decreasing rate over time,

appearing to asymptotically approach a maximum shear modulus. Both gelatin and genipin

concentration drove significant differences in the magnitude and kinetics of the modulus growth

curves, with increasing genipin concentration leading to a clear increase in the kinetics of elastic

stiffening and gelatin concentration driving significant differences in both initial and final moduli.
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Figure 4.3: A) Shear modulus (G) of 20 to 80 mg/ml gelatin hydrogels mixed with between 1.25 and 20
mg/ml genipin and measured using RAR at multiple time scales for a total of 8 days. Dashed black line

represents exponential model fitting. Error bars represent standard deviation (n=4). B) Heatmaps

comparing the fitted parameters, initial shear modulus (Gg), final shear modulus (G ), lag-time (To), and
time constant (7), for all combinations of gelatin and genipin concentrations. The color of each tile
represents the mean parameter value (n = 4). The color of the upper and lower dots on each tile represents

the parameter values one standard deviation above and below the mean, respectively.
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The shear modulus kinetic curves were fitted to a modified exponential distribution
function (Equation 1), and the mean fitted curves (R?>>0.99) are displayed alongside the
experimental results as dashed black lines in Figures 4.3A. Heatmaps were generated for the fitted
parameters to compare the relationship between gelatin concentration on the horizontal axis and
genipin concentration on the vertical axis (Fig. 4.3B). Unsurprisingly, a clear increase in G, and
G is visible with increasing gelatin concentration at any genipin concentration, as was seen in the
control (Fig. 4.2C). There is a dramatic and significant increase in G, between samples with
genipin and those without (p < 107°), however, the relationship between G, and genipin
concentration in the gelapin samples is more complex. At higher gelatin concentrations (40
through 80 mg/ml) we observed significant increases in G, with increasing genipin for all
concentrations except 20 mg/ml genipin (p < 0.05), but at lower gelatin concentrations we no
longer see significant differences between the genipin concentrations above 5 mg/ml (p > 0.1).
There is a slight reduction in the mean G, for 20 mg/ml gelatin with 20 mg/ml genipin, compared
to 10 mg/ml genipin, indicating that excessive genipin concentrations may inhibit the stiffening
effect of crosslinking. However, this reduction was not significant (p = 0.25).

The remaining parameters, T, and 7, describe the kinetics of the mechanical change due to
crosslinking (Fig. 4.3B). For samples with genipin, there is a slight gradient across the heatmap,
with the lag time decreasing with genipin concentration. The lag time for the 20 mg/ml gelatin was
significantly higher than other gelatin concentrations for all but the 20 mg/ml genipin
concentration (p < 0.05). However, average duration of this lag phase, ~2hrs, is small compared
to the total duration of the nearly 200 hour study. The final parameter, tau, is the time constant and
is inversely related to the slope of the curve, with greater values indicating a slower growth rate

(Fig. 4.3B). For samples of gelatin with genipin we see a saddle distribution, where low gelatin
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and high genipin concentrations or high gelatin and low genipin both have reduced time constant
values compared to samples where genipin and gelatin concentrations are either both high or both
low. This pattern may indicate that we are seeing a reduced time constant in situation where the
reaction is limited by either a low concentration of the crosslinker relative to the substrate or vice-

versa.

4.3.3 Sequential addition of genipin to gelatin scaffolds

Genipin is also commonly used for the stabilization of hydrogel scaffolds after the
formation of a solid gel. This requires the solid, uncrosslinked gels to be immersed in an aqueous
solution containing genipin. Genipin is then able to diffuse through the porous matrix and react
with free amines. As above, we performed a combinatorial study, measuring the temporal changes
in 20, 40, 60, and 80 mg/ml gelatin hydrogels that were soaked in PBS containing genipin at
concentrations between 0 and 10 mg/ml. Tracking the evolving shear modulus over time, we saw
a substantial increase in the gel elasticity following the addition of genipin (Fig. 4.4A). Trends in
the magnitude and kinetics of these curves showed similar concentration trends with the mixed
gelatin and genipin, but the shape of the modulus growth curves differed significantly for the
sequential addition of genipin. The sequential addition resulted in a sigmoidal kinetic profile, with
the elastic growth rate starting slow, rising to a maximum at the curves inflection point and then
declining as the modulus approached a maximum value.

The exponential distribution function (Equation 1) assumes that the maximum kinetic rate
occurs at the beginning, and while this was true for the mixed gelapin, this assumption does not

hold for the sequential crosslinking. The logistic function,

1 Goo—G
G(T)=GO+(GOO—GO)<1—TTO)>=Go+(TT_°T)O) 2]
T 1

1+e +e T
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is similar in appearance to exponential distribution function, but is an odd function, and therefore

reaches horizontal asymptotes in both the positive and negative directions. This function better

captures the growth curve for the sequential genipin crosslinking with each fitted R? > 0.99. It is

important to note that while G, can be compared directly between the models, T, and T magnitudes

will differ and should not be directly compared. We were unable to generate measurable surface

perturbations in 60 and 80 mg/ml gelatin with 5 or 10 mg/ml genipin after 2 days of crosslinking

due to the significant increase in stiffness and were therefore unable to include these materials in

the logistic fitting.
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Figure 4.4: A) Shear modulus (G) of 20 to 80 mg/ml gelatin hydrogels that were allowed to solidify for
24 hours and then were covered in genipin solutions between 0.625 and 10 mg/ml and measured
longitudinally using RAR for a total of 5 days. Dashed black line represents logistic model fitting. Error
bars represent standard deviation (n=4). B) Heatmaps comparing the fitted parameters, initial shear
modulus (Gg), final shear modulus (G, ), lag-time (T), and time constant (), for all combinations of
gelatin and genipin concentrations. The color of each tile represents the mean parameter value (n = 4).
The color of the upper and lower dots on each tile represents the parameter values one standard deviation
above and below the mean, respectively.
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As with the mixed gelapin, heatmaps were generated to compare the fitted logistic
parameters with varying gelatin and genipin concentrations (Fig. 4.4B). Compared to mixed
gelapin, the sequential genipin had significantly greater final moduli for all formulations, with the
highest G, for the 20 and 40 mg/ml gelatin being more than 4-fold greater with sequential genipin
addition. G, increased with increasing gelatin concentration for all genipin concentrations (Figure
4D), however only some differences between successive concentrations were significant. There is
significant increase in G, with the addition of genipin (p < 0.005), however the relationship with
genipin concentration is not strictly monotonic. The maximum G, for 20 and 40 mg/ml gelatin
occurred at 2.5 and 5 mg/ml genipin respectively, with decreasing moduli for higher or lower
doses.

The time delay before the maximum rate of elastic growth, Ty, showed a decreasing trend
with increasing genipin concentration at 20 and 40 mg/ml gelatin concentrations with significant
differences between successive genipin concentrations (p < 0.05). There was no consistent trend
with gelatin concentration (Fig. 4.4B). The time constant, 7, also showed a clear decreasing trend
with increasing genipin concentration, although this was also only significant at lower gelatin

concentrations (p < 0.05) (Fig. 4.4B).

4.3.4 Enzymatic crosslinking of gelatin using transglutaminase

In addition to bifunctional crosslinkers like genipin or glutaraldehyde that form the link
between amino acids, enzymes, such as transglutaminase, can catalyze the direct covalent
crosslinking of functional groups on amino acids. We combined microbial transglutaminase with
the same gelatin concentrations used above, keeping enzyme concentrations proportional to the
gelatin concentration ranging from 0 to 10 Units/g of gelatin. Samples were prepared and RAR

measurements were performed as with the mixed gelapin samples.
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The shear modulus increased monotonically for all samples tested (Fig. 4.5A) with
significant differences between the kinetics and final moduli. The elastic growth curves were
quantified using the modified exponential distribution function (Equation 1), generating heatmaps
for each modeled parameter comparing gelatin and enzyme concentrations (Fig. 4.5B). We saw
significant increases in G, and G, with increasing gelatin concentration (p < 0.05), but only G,
increased with increasing transglutaminase concentration (Fig. 4.5B). While transglutaminase
crosslinking led to a significant increase in G, compared to the base gelatin, it was comparatively
weaker than gelapin formulations. The maximum fitted G, of transglutaminase crosslinked gelatin
was less than 20 kPa, substantially softer than maximum G, of the mixed and sequential gelapins

which were greater than 50 kPa and 100 kPa, respectively.

A

E 20 mg/ml Gelatin 40 mg/ml Gelatin 60 mg/ml Gelatin 80 mg/ml Gelatin

< A . . 0

O] 06| _,__f"_ - r,_—r"'____ e

i.",i ,(,. ",—'_ - /',I_r.': e = y;:/-’ ) - - (Uig)
S04| LT i e A 5

E a2 L fr,--:d . 5 0 7 I I
202 "t;:’_'/'"‘r_ i C s — ; t.(f" P : fgs

% é:ﬁ é?_u_’ &4_,’.-” 7 [ 0625

g 0 0 0 0 — — —Exp.Fit

5 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6

Elapsed Time (day)

B G, (Pa) G_ (Pa)10*
:‘-)" 500 1000 1500 0 1 2
a Il ]
= 10 10 10
@ 5 5 5
£
% 2.5 25 2.5
5 1.25 1. 25 1.25 1.25
?0A625 0.625 0.625 0.625
E 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80

[Gelatin] (mg/ml)

Figure 4.5: A) Shear modulus (G) of 20 to 80 mg/ml gelatin hydrogels mixed with between 0.625 and 10
U/g of transglutaminase and measured using RAR at multiple time scales for a total of 6 days. Dashed
black line represents exponential model fitting. Error bars represent standard deviation (n=4). B)
Heatmaps comparing the fitted parameters, initial shear modulus (Gg), final shear modulus (G ), lag-time
(To), and time constant (T), for all combinations of gelatin and genipin concentrations. The color of each
tile represents the mean parameter value (n = 4). The color of the upper and lower dots on each tile
represents the parameter values one standard deviation above and below the mean, respectively.
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The elastic growth kinetics for transglutaminase crosslinking were comparable to those of
the mixed gelapin hydrogels. Both crosslinking additions led to a decrease in T, with increasing
concentration. We also observed a significantly elevated lag duration with the 20 mg/ml gelatin
formulations, relative to other concentrations (p < 0.005). As expected, the time constant showed
a strong negative correlation with the transglutaminase concentration, but did not show a consistent

effect when compared to gelatin concentration.

4.3.5 Viscous changes with gelatin crosslinking

The covalent crosslinking of gelatin hydrogels had a substantial impact on the measured
viscous properties of these hydrogels. The loss modulus, wyn, was tracked over time using RAR
for the gelatin samples crosslinked using either genipin, both mixed and sequential additions, and
transglutaminase (Fig. 4.6A-C). The loss modulus generally increased with crosslinking for
gelapin formulations relative to an uncrosslinked control (Fig. 4.2B). The loss modulus for mixed
gelapin at both high genipin and/or low gelatin concentrations was observed to initially decrease
rapidly with increasing genipin concentrations driving a more rapid decrease and a lower minimum
shear modulus (Fig. 4.7). This reduction was temporary with the loss modulus steadily increasing
over the duration of the study, eventually reaching, or exceeding, the initial and baseline gelatin
values (Fig. 4.6A). This initial decrease in loss modulus was most prominent in the 20 mg/ml
gelatin samples, where the loss modulus decreases as much as 80% in just a few hours, before
slowly increasing over the subsequent week (Fig. 4.7). We also observed an increase in final loss
modulus with increasing mixed genipin concentration, with higher genipin concentration reaching
values significantly higher than baseline all but the 20 mg/ml gelatin. Unlike the mixed gelapin,

the sequential genipin crosslinking did not result in a temporary reduction in measured viscosity,
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instead displaying a sigmoidal increase over time, with final loss moduli significantly greater than

the uncrosslinked gelation for all genipin and gelatin concentrations (Fig. 4.6B).
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Figure 4.6: Loss modulus (wyn) measurements of 20 to 80 mg/ml gelatin hydrogels A) mixed
with genipin, B) soaked in a genipin solution, or C) missed with transglutaminase and measured
using RAR at multiple time scales for a minimum of 5 days. Error bars represent standard
deviation (n=4).

Unlike the gelapin samples, where increased genipin led to a higher terminal viscosity, the
increases in transglutaminase concentration resulted in a reduction in the loss modulus (Figure
6C). The loss modulus for gelatin with low concentrations of transglutaminase was similar to the
base gelatin in both magnitude and kinetics showing a slight initial increase, or decrease in the
case of 20 mg/ml gelatin, and reaching a plateau after a few days (Fig. 4.2B). Additional

transglutaminase led to a negative shift in the loss modulus curves, with the one exception being
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the 80 mg/ml gelatin with 10 U/g transglutaminase resulting in a dramatic increase in loss modulus
over time, more like the gelapin samples.
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Figure 4.7: Rapid changes in the loss modulus (wgn) were observed over the first day of crosslinking for
the mixed gelapin gels. Error bars represent standard deviation (n=4).

4.3.6 Combinatorial effects of thrombin and transglutaminase during fibrinogenesis

Unlike the thermal gelation of gelatin, fibrin gels require a proteolytic enzyme, commonly
thrombin, to cleave the fibrinopeptides from fibrinogen and enable the self-assembly of protofibrils
and their lateral aggregation into the fibrous structure of the hydrogel. These macromeric structures
can be further stabilized via enzyme catalyzed covalent crosslinking. We tracked dynamic
viscoelastic properties in combinatorial set of fibrin gels produced from fibrinogen (4 or 8 mg/ml),
thrombin (25, 50, or 100 U/g fibrinogen), and transglutaminase (0, 5, 10, or 20 U/g fibrinogen).
While gelatin hydrogels were solid at the beginning of the dynamic study, fibrin gels were initially
in a liquid phase, transitioning to a solid phase within 30 minutes of transglutaminase and thrombin
addition. This phase change was identified in the resonant parameters extracted from measured
surface oscillations with an observable discontinuity in the frequency and a temporary local
maximum in the damping coefficient that indicate the shift from pseudocapillary to Rayleigh
surface waves (Fig. 4.8A-B). This phenomenon has been discussed in much greater detail in

Chapter 3 of this dissertation.
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Figure 4.8: Dynamic RAR measurements of A) natural frequency (wg) and B) damping coefficient (I')
extracted during gelation of 4 and 8 mg/ml fibrin gels formed with between 25 and 100 U/g thrombin and
between 0 and 20 U/g transglutaminase. Discontinuity in the frequency and the temporary peak in
damping are indicative of the phase transition during fibrinogenesis. Error bars represent standard
deviation (n=4).

The dynamic shear modulus was calculated using a piecewise function for time points

before or after the phase transition for all fibrin formulations (Fig. 4.9A). The elastic growth curves
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Figure 4.9: A) Shear modulus (G) of 4 and 8 mg/ml fibrin gels formed with between 25 and 100 U/g
thrombin and between 0 and 20 U/g transglutaminase and measured using RAR at multiple time scales
for a total of 12 hours. Dashed black line represents exponential model fitting. Error bars represent
standard deviation (n=4). Heatmaps compare the fitted parameters, initial shear modulus (Gg), final shear
modulus (G ), lag-time (To), and time constant (7), as well as absorbance for all combinations of
thrombin and transglutaminase concentrations in B) 4 mg/ml and C) 8 mg/ml fibrin gels. The color of
each tile represents the mean parameter value (n = 4). The color of the upper and lower dots on each tile
represents the parameter values one standard deviation above and below the mean, respectively.

126



were quantified using the modified exponential growth function (Equation 1). We would expect
the initial shear modulus, G, to be zero for a fibrinogen solution before the enzyme mediated
gelation. The fitted values, however, showed a non-zero G, for fibrin samples with elevated
thrombin and transglutaminase concentrations, indicating that there may be some formation of an
elastic network during the 60 second period before measurements could be initiated (Figure 4.9B-
C). The final shear modulus, G., showed effects due to the concentration of all three gel
components. An increased fibrin concentration resulted in a significant increase to G, for any set
of enzyme concentrations (p < 0.0005). A reduction in thrombin concentration from 100 U/g to 50
U/g resulted in an increased G, for all fibrin and transglutaminase concentration (p < 0.05).
However, further reduction to 25 U/g thrombin concentration only significantly increased the shear
modulus for uncrosslinked 8 mg/ml fibrin. There was a decrease in G, for the crosslinked 4 mg/ml
fibrin samples at the lowest thrombin concentration, and this reduction was significant for samples
with 10 U/g transglutaminase or more (p < 0.005). The 4 mg/ml fibrin gel with 25 U/g thrombin
and 20 U/g transglutaminase had a significantly lower G, than all crosslinked 4 mg/ml fibrin
samples (p < 0.005) except for the 100 U/g thrombin and 5 U/g transglutaminase composition.
The lag duration, Ty, generally decreased with increasing thrombin and transglutaminase.
The uncrosslinked fibrin samples reached a stable maximum elasticity within 5 hours, and, as a
result, has lower values of T compared to all crosslinked fibrins with significant differences (p <
0.05) between the uncrosslinked time constants and all comparable crosslinked time constants
except the 8 mg/ml with 20 U/g transglutaminase and 50 or 100 U/g thrombin. The time constant
increased with a reduction in thrombin concentration from 100 U/g to 50 U/g and decreased with

increasing transglutaminase concentrations at these thrombin levels.
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In addition to the fitted parameters derived from mechanical RAR measurements, we also

measured the optical absorbance of these samples at 450nm, as the optical properties of fibrin gels

have been identified as important indicators of gel microstructure [31]. Turbidity increased with

decreasing fibrin concentration and with decreasing thrombin concentration (Fig. 4.9B-C).

Turbidity also increased with increasing transglutaminase concentration in the 8 mg/ml fibrin gels,

but only increased with a transglutaminase increase from 0 to 5 U/g in 4 mg/ml fibrin gels, with

the absorbance decreasing with transglutaminase concentration above this point.

4.3.7 Viscous changes in fibrin gels

The dynamic loss modulus measured in fibrin gels increased rapidly following the addition

of thrombin, reaching a stable plateau before the end of the 12 hour study (Fig. 4.10). The reduction

of thrombin. The loss modulus for crosslinked fibrin gels did not vary as substantially
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Figure 4.10: Loss modulus (wg7) measurements of 4 and 8 mg/ml fibrin gels formed with between 25
and 100 U/g thrombin and between 0 and 20 U/g transglutaminase and measured using RAR at multiple
time scales for a total of 12 hours. Error bars represent standard deviation (n=4).
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with thrombin concentration, resulting in a relative increase in loss modulus for crosslinked gels,
compared to uncross linked fibrin, at 100 U/g thrombin and a relative decrease at 25 U/g thrombin.
Additionally, at lower thrombin concentrations the loss moduli values differed significantly with

transglutaminase concentration, showing a negative correlation with the enzyme.

4.4 Discussion

4.4.1 Temporal changes in gelatin microstructure

Gelatin rapidly forms a solid gel when cooled below a threshold value, typically ~37C, this
transition occurs rapidly as the flexible polymer chains in solution undergo intramolecular
crosslinking and form a helical structure [15]. While the gel will become solid after a certain
proportion of polymer chains undergo conversion, this process has been reported to continue for
hundreds and even thousands of hours, potentially indefinitely [32]. Our RAR measurements,
tracking gelatin mechanical properties over ~150 hours (Fig. 4.2A), clearly showed this continual
monotonic increase in the gel elasticity and viscosity, confirming that the tertiary protein structure
continued to evolve for the duration of the study.

The addition of genipin led to the formation of intermolecular crosslinks between polymer
chains. Gelapin gels have been demonstrated to be more stable than plain gelatin, both to thermal
and proteolytic degradation [33]. This crosslinking may also impact the ability for gelatin peptides
to undergo the transition to a helical structure, reducing the maximum possible elasticity [15]. Our
results have shown that the maximum shear moduli for some low concentration gelatins are
reduced with genipin concentrations above some threshold value (Fig. 4.3B and 4.4B). These
samples have the highest genipin concentration relative to gelatin concentration, increasing the
likelihood that these rapidly forming crosslinks inhibit the gels conformational flexibility. This

reduction of conformational flexibility may also play a role in the increased mechanical strength
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of the sequential gelapin. These samples were allowed to gel for 24 hours prior to genipin addition,
which can be a critical period in the helix formation [34], providing additional time for
development of a helical structure before any genipin constraints were introduced. In addition to
the nanoscale conformational changes, previous studies have identified microscale differences in
lyophilized gelapin formed using a mixed or sequential protocol, with the sequential gel exhibiting
a smaller pore structure [35]. Unlike this study, where genipin crosslinking was monitored
mechanically, most studies quantify the kinetics of this reaction using a Ninhydrin assay to
quantify the remaining free amino groups [13,33,35,36]. While this does give an indication of the
reaction progress, it does not provide any information of the resulting structure, potentially missing
the substantive mechanical differences we observed in gels formed with different concentrations
or sequences of genipin addition. In further work we may compare these chemical crosslinking
assays to the mechanical determination of crosslinking demonstrated using RAR.

Microbial transglutaminases provide an alternative method for the stabilization of fibrous
protein hydrogels, like gelatin or fibrin, through the formation of covalent bonds between the
carboxamide and amine functional groups of glutamine and lysine [37]. These crosslinks, like
those from genipin, have been demonstrated to reduce the confirmation flexibility of gelatin
microstructure, increasing the thermal stability, while reducing the potential for subsequent helices
formation [38]. We did not see a reduction in final shear modulus with increasing transglutaminase
concentration at any gelatin concentration, but this may be due to the maximum concentration, 10
U/g, and temperature, 25C, used in these experiments resulting in an insufficient reaction rate to
interfere with the intrinsic gelatin restructuring or not reaching crosslinking completion to a degree

there the tertiary polymer structure has a significant impact (Fig 4.5B).
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4.4.2 Enzymatic competition during fibrinogenesis

We observed a complex interplay between thrombin and transglutaminase concentrations
during the formation of fibrin gels. We measured clear reduction in the shear modulus for
crosslinking gels generated using higher thrombin concentrations. The inverse relationship
between thrombin concentration and elastic modulus has been reported previously [39,40]. In
addition to mechanical differences, numerous studies have explored the microstructural
differences in fibrin gels [39—43], observing that higher thrombin concentration leads to a “fine”
clot with a high density of thin fibers, while a low thrombin density results in a “coarse” clot with
thicker fibers and fewer branching points.

Factor XIII, a transglutaminase involved the mammalian coagulation cascade, has a critical
role in increasing the elasticity and stability of blood clots, and has been reported partially mediate
this effect through of fiber compaction [44,45]. The RAR testing clearly demonstrated the
mechanical impact of this enzymatic fibrin modification, showing dramatically increase moduli
with and transglutaminase addition. However, our results did not show a monotonic dose
dependence of transglutaminase, with increasing dose increasing elasticity in high thrombin gels
and decreasing elasticity in low thrombin gels (Fig 4.9B). Elevated transglutaminase
concentrations relative to thrombin was shown to negatively impact the ultimate shear modulus of
the fibrin gels (Fig 4.9B-C), likely due to the premature crosslinking of fibrinogen and fibrin
monomers before they can fully assemble into the ordered protofibril and fiber structure [46]. This
result illustrates the importance of reaction kinetics during fibrin coagulation, with the sequence
of proteolytic, aggregating, and cross-linking steps directly impacting the microstructure and

mechanics of the final gel.
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The optical absorbance of fibrin clot is known to increase with fiber diameter [41], and our
turbidity measurements therefore help to confirm the reciprocal relationship between thrombin
concentration and fiber diameter in our study, showing a clear decrease in absorbance with
increasing thrombin concentration (Fig 4.9B-C). Counterintuitively, there was also a reduction in
absorbance increased fibrin concentration, demonstrating that the initial fibrinogen concentration
but may impact not only the overall fiber density but the structure of individual fibers [47].
Interestingly, we would have also expected to also see a decrease in in turbidity with increasing
transglutaminase, indicating further decreases in fiber diameter. While we did observe this dose
dependence in the 4 mg/ml fibrin, we saw an inverse trend in the 8 mg/ml fibrin. This may be
explained by other microstructural changes, aside from fiber diameter, that are altered by
transglutaminase and impact turbidity [31] but will need confirmation using SEM to make any

definitive conclusions.

4.5 Conclusions

The mechanical properties of soft biomaterials are critical to their function. Extensive
research has been done to understand the role of physical material properties, such as elasticity,
viscosity, and porosity, in driving cellular phenotype. This type of information is incredibly
important to the field of tissue engineering, helping to identify hydrogels that can effectively
operate as synthetic ECM. As demonstrated in this study, the mechanical and structural properties
of hydrogels depend on a wide variety of compositional and environmental factors, including those
we examined, such polymer concentration and structural stabilization through crosslinking, and
many we did not, like temperature, pH, or ionic strength. Understanding the how these definable
parameters influence material properties both individually and synergistically will require the

implementation of combinatorial methods in biomaterials research [16].
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An important requirement for the expansion of combinatorial studies for biomaterial is the
development of high-throughput methods for both the fabrication and characterization of soft
biomaterials. While limitations in production throughput may be addressed using automated liquid
handling platforms or microfluidic systems, there are no readily available tools for high throughput
mechanical characterization at the scale required for combinatorial studies. In this study we have
demonstrated the capability of RAR to measure the mechanical properties in hydrogels with shear
moduli ranging from below 50 Pa to greater than 50 kPa. Additionally, leveraging the non-
destructive nature of ultrasonic pulses these measurements were repeated with a temporal
resolution as small as one minute for longitudinal studies lasting up to a week. All of the
experimental data used in this study, over 15,000 individual viscoelastic measurements performed
on 352 samples with 88 distinct material composition, was collected in a single 15 day period on
a single experimental platform by a single researcher. From these results, we were able to gain
insight into the mechanical and microstructural differences between gelatin and fibrin hydrogels
with and without the addition of chemical and enzymatic crosslinkers. While many of the
composition-structure relationships identified are not novel, the ease with which they could be
generated was.

Future work with RAR will involve the implementation of machine learning tools to utilize
the types of multiparametric compositional — mechanical relationships to optimize hydrogel
design. This capability could have significant impact in the field of tissue engineering, enabling
the intelligent design of materials to better control cellular behavior and replicate native tissue.
Additionally, the multiscale dynamic mechanical information that is unique to RAR experiments
can be used to help design materials where the kinetics of gelation and temporal evolution of

mechanical properties are critical to their function, such as hydrogel based surgical sealants,
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bioinks for 3D bioprinting, and degradable scaffolds for drug delivery. With ability to perform

mechanical characterization with the speed and convenience of a plate reader, RAR has the

potential to transform material optimization from costly and time-intensive academic exercise to

a fundamental step in every biomaterial workflow.
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Chapter 5 Summary and Future Work

RAR is anovel acoustic method that enables high-throughput, non-contact characterization
of soft material mechanics. This dissertation describes the development, implementation, and
validation of RAR, from initial theory to demonstration of its unique capabilities for exploring the
physical transition during hydrogel gelation and enabling high-throughput mechanical testing in
combinatorial studies. The rapid, non-contact measurements of RAR have the potential to provide
new capabilities over conventional, contact-based mechanical testing in a variety of applications,
making viscoelastic characterization not only easier, but faster, cheaper, and more consistent. This
chapter summarizes the major findings of this dissertation and discusses future work, including
the development of new analytical approaches to allow measurement of a wider variety of soft
biomaterials and sample geometries, as well as algorithms to synthesize combinatorial

measurements and apply them to the design of materials with tailored mechanical properties.

5.1 Summary of Dissertation and Conclusions

The initial work developing and validating the experimental and analytical methods used
in RAR, is detailed in Chapter 2. We explained methods for generating and tracking resonant
surface waves on confined hydrogels and were able to demonstrate that two parameters of the
damped oscillations, the natural frequency and damping coefficient, were independent of the actual
pushing force or duration. This indicates that RAR measurements are extremely robust to small
differences in equipment or protocol; a claim that cannot be made about conventional mechanical

testing approaches, where changes protocol for pre-strain or pre-conditioning are known to
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significantly alter results. We validated that these parameters could be used to calculate the
intrinsic viscoelastic properties of the materials both computationally, using a custom FEA model
of RAR surface excitation, and experimentally, by comparing viscoelastic measurements from
RAR and conventional shear rheometry for fibrin, gelatin, and agarose hydrogels with shear
moduli ranging from 0.1 to 30 kPa. Not limited to single measurements, we used RAR to
repeatedly sample during the gelation of fibrin, showing that RAR was able to quantitatively
measure viscoelastic properties in both stable and dynamic materials.

Moving past the initial validation of the technique, RAR was applied to characterizing the
process of gelation in Chapter 3. Dynamic RAR studies were performed with a high sampling rate
during the gelation of fibrin to identify changes in resonant oscillations with high temporal
sensitivity. We were able to utilize these results to identify an abrupt shift between the types of
surface waves as the gel moved from a liquid to solid state. With this knowledge we were then
able to calculate the viscoelastic properties throughout the entire gelation process, starting as
purely viscous fluid, developing into a viscoelastic fluid, and finally transitioning to a viscoelastic
solid. An alternative protocol, rRAR, was developed to enable rapid sampling and allow for the
dynamic measurements of gelation in UV crosslinked PEG-NB. This study demonstrated not only
the ability to achieve sub-second temporal resolutions for characterizing fast reactions but to
identify a brief phase of overdamped oscillations during the phase transition. While the exact
mechanisms of this phenomena have not yet be identified, this finding highlights the importance
of convenient, rapid mechanicals measurements in enabling exploratory mechanical testing.
Finally, we were able to apply the observed resonant phenomena from the fibrin and PEG
experiments to improve the traditional gel clot LAL assay, identifying the timing of phase

transition to and allowing for endotoxin quantification.
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While the dynamic RAR studies in Chapters 2 and 3 measured changes over seconds and
minutes, RAR has the potential to continue longitudinal measurements over much longer time
scales, as demonstrated in Chapter 4. Gelatin and fibrin gels were modified with chemical and
enzymatic crosslinkers, tracking viscoelastic changes over hours and even days using RAR.
Testing the combined roles of multiple hydrogel components in a combinatorial manner, we
identified that not only the degree, but also the timing, of crosslinking can significantly alter the
mechanics of a hydrogel. These finding resulted from over 15,000 individual RAR measurements
that were conducted on hundreds of samples. Using conventional mechanical characterization, this
many measurements could take months or even years to complete, however, because RAR does
not rely on contact with materials, it was possible to conduct these longitudinal studies on hundreds
of individual samples simultaneously with the entire study taking less than 2 weeks to complete.
The combination of dynamic mechanical measurements with a high sample throughput, will enable
RAR to facilitate mechanical testing and allow comprehensive and combinatorial studies on soft
material design to become the norm.

This dissertation describes the development and first applications of a high-throughput,
non-contact method for mechanical characterization in soft materials. Our results showcase the
ability of RAR to measure viscoelastic material properties in a robust and quantitative manner, to
utilize these rapid, non-destructive measurements for longitudinal mechanical tracking over
various time scales, and to enable systematic and combinatorial material testing by expanding
throughput. While these experiments have demonstrated RAR in relatively simple, well-studied
material systems, they were crucial in validating its capabilities, allowing us to move forward in
testing more complex and unknown materials. Despite all that has been demonstrated with RAR,

this is still a new technique, and as such it will continue to undergo rapid development, providing
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new capabilities and improving upon those already present. No published technique has
demonstrated the capability to simultaneously perform quantitative, non-contact, and high-
throughput measurements, setting RAR apart as a powerfully flexible platform for a variety of

mechanical testing applications.

5.2 Future Work

5.2.1 Clinical Applications WA

Appropriate blood coagulation is a

critical element in hemostasis and wound

Amplitude

healing, however abnormalities in this

process, coagulopathies, can play a role in a

variety of serious health conditions. This is Elapsed Time

particularly relevant in the wake of COVID- Figure 5.1: Example of TEG results showing
amplitude changes over time during coagulation.

19, where associated coagulopathies are Image adapted from original by Luis Teodoro da
Luz, Bartolomeu Nascimento, and Sandro Rizoli,
common and contribute to the severity of distributed under CC-BY 2.0 license.

disease [1-4]. Currently, thromboelastography (TEG) is used for the dynamic assessment of blood
elasticity by measuring the shear forces on a pin suspended in a rotating blood-filled cup [5].
Multiple quantitative measures, including thrombin generation (R), fibrin polymerization (K and
a-Angle), maximum clot stiffness (MA), and fibrinolysis (LY30), can be extracted from the
resulting mechanical information, (Fig 5.1). These parameters provide information on multiple
stages in the process of coagulation, allowing clinicians to quickly understand the coagulative
potential of a patient and determine the appropriate treatment regimen [5,6]. In chapters 2, 3, and
4, RAR is demonstrated to measure the gelation of fibrin gels, both with and without

transglutaminase crosslinking.
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A brief, proof-of-concept study was performed, tracking changing mechanical properties
during the coagulation of citrated porcine blood following the addition 0.02M CaCl, using RAR
(Figure 3.7). The clear similarities between the shape of a generic TEG curve and the dynamic
RAR viscoelastic parameters indicates that these same clinically relevant parameters can be
derived from RAR. However, RAR has a significant advantage of TEG in the smaller sample
volume requirements (100 vs ~350 pL) and higher throughput using a microplate format. The
rapid, non-contact measurements of RAR have the potential to allow for improved throughput in
the mechanical measurements of blood coagulation, aiding both future research into the
mechanisms and potential treatment of various coagulopathic disorders, as well as aiding in their

clinical detection.

5.2.2 Longitudinal measurements in tissue engineered constructs

Chapters 3 and 4 demonstrate the capability of RAR to measure mechanical changes in soft
materials over a variety of time scales, with sampling intervals ranging from seconds to days. This
demonstration included not only the gelation of materials, but longitudinally monitoring
subsequent mechanical changes in the material due to chemical and enzymatic crosslinking. While,
as previously discussed, these studies provide important insight into the design of complex
material systems, they also suggest the capability to extend these types of mechanical
measurements to tissue engineering constructs with a live cellular component.

While traditional, contact-based methods have been applied for measuring the changing
mechanical properties of cell laden hydrogels, these methods require the destruction of samples at
each measured time point, multiplying the material and labor cost involved in a study [9].
Longitudinal measurements have been demonstrated in sealed, bioreactor systems but these

systems are typically very low throughput and cannot be easily scaled up [10,11]. RAR, by taking

143



non-contact measurements of samples in a separate sealed chamber, allows for longitudinal testing
of multiple samples in a single plate or even multiple plates simultaneously. Reducing the
experimental burden of viscoelastic characterization for tissue engineered constructs will not only
improve our understanding of complex cell-matrix interactions in tissue engineering but may help
to translate these discoveries to the clinic as a robust method for non-destructive quality control

for tissue engineered products.

5.2.3 Intelligent material design

The capability for high-throughput viscoelastic material characterization using RAR helps
to address a critical weakness in the design of combinatorial studies on soft materials [12]. New
material systems are constantly being developed and modified for applications such as tissue
engineering or drug delivery. A wide variety of material design parameters, from polymer
concentration to the ionic strength of the liquid medium, have the potential to impact the
mechanical properties, and therefore the functionality, of these materials [13,14]. Current studies
that do explore mechanical changes with different materials typically explore the impact of design
parameters individually, however, as was demonstrated in Chapter 4, these parameters can have
synergistic effects on the final properties, requiring the use of combinatorial studies to explore the
entirety of the multivariate parameter space. With a more complete understanding of these
complex material systems, it will be possible to predict material formulations to optimize
functional properties, such as elasticity, viscosity, degradation rate, or gelation kinetics [12,15].

While it is simple to optimize a material’s design with regards to a single design parameter,
tailoring the functional properties within a multiparameter design space will require not only the
experimental capability to map the space, but computational tools to apply this knowledge [15].

This will involve the development of complex machine learning tools to synthesize the complex
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materials characterizations and designs and identify rules. Starting with multiple linear regression,
or partial least squares regression to minimize issues with collinearity, it will be possible to identify
the most important design variables for a given material property and to generate predictive models
for designing new materials [16,17]. Additionally, as new materials are designed and implemented
it will be possible to incorporate functional outcomes, such as the printability of bioinks or cell
differentiation in a synthetic ECM, into this machine learning toolkit [15,18]. Many fields can
benefit from a toolset to design soft materials, ranging from those traditionally associated with
biomedical research, such as bioprinting or tissue engineering, to more industrial sectors, like food
science or cosmetics. This approach for predicting, and iteratively optimizing, material function,
by combining a novel, high-throughput testing modality with a complementary analysis pipeline,
will allow for soft material research and development to move beyond the limitations of traditional

ad-hoc design.

5.2.4 Future applications of RAR

There are a variety of potential applications where we plan to implement RAR testing. As
briefly discussed in Chapter 1, resonant surface oscillations can be modeled as a vibrating
membrane. While this is not the appropriate model for liquid oscillations, it could be applied to
study the mechanics of thin films, such as cell sheets or even cellular monolayers. The
measurement of mechanical properties in single layers of cells currently presents a substantial
mechanical challenge, but it may be possible to utilize non-contact RAR measurements to study
these systems. Cells could be cultured on the surface of soft non-degradable hydrogels or on a
flexible membrane, such as a transwell. RAR could then be performed on this system,
longitudinally measuring changes in surface oscillations due to the cellular membrane and utilizing

models for surface waves in multilayer materials to calculate the mechanical properties. Prior
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studies of the cell monolayer mechanics have measured intercellular adhesion energy densities of
0.07 N/m. This is approximately the same as the surface energy of a water-air interface, 0.072
N/m, indicating that intercellular forces in cultured monolayers may similarly impact surface
oscillations in soft gels or on soft membranes [19].

The high efficiency and throughput of RAR make it an ideal technique for industrial
applications, such as in the food industry. Manufacturing processes for a wide variety of foods
require control over the viscoelastic properties of the final product. RAR could be applied to the
development of new products, enabling rapid mechanical testing to quantitatively identify textural
difference between difference formulation or preparations. Additionally, RAR would be highly
effective in quality control, detecting both the consistency of the manufacturing process and even

identifying longitudinal mechanical changes that could indicate food safety concerns.

5.2.5 Implementation of multiple transducer arrays

While the current implementation of RAR is capable of markedly higher throughput in
relation to any comparable mechanical testing technique, it could be further improved. When
characterizing multiple samples in a microplate array the single, the two-element transducer moves
from well to well, measuring each sample one at a time. This results in a substantial bottleneck in
efficiency as the movement between wells takes approximately 1 second, nearly 10-times longer
than the actual oscillatory measurement. To address this limitation, we will develop an array of
transducers, as well as the necessary electrical driving hardware, to measure multiple samples
simultaneously. The individual elements are only 5 mm in diameter and will be fitted with custom
lens for point focusing. When spaced a minimum of 9 mm apart, the well spacing of a 96 well
microplate, we expect minimal crosstalk, but, if present, we can double the spacing to every other

well to further reduce any interference. While it may be possible to generate a full 96 transducer
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array, this is likely unnecessary and will result in a dramatic increase in cost and complexity for
the updated RAR system. Instead, we will focus on the development of a 4 or 8 transducer array
which can be quickly scanned over a microplate, reducing the measurement time required for a

full 96-well plate from 2 minutes to 30 or even 15 seconds, respectively.

5.2.6 Increasing flexibility in sample size and geometry

The RAR studies detailed in Chapters 2-4 all were conducted with materials that had been
cast directly into the microplates they were measured in. This ensured not only a cylindrical outer
geometry, but a planar top surface due to the low-surface energy of the fluorosilicone coating. This
controlled geometry was important for the analytical predictions of intrinsic material properties,
with changes in the sample diameter or non-planar surface, impacting the resonant properties.
While generally avoided in this initial exploration of RAR, these geometric changes can be
unavoidable in situations where materials expand or contract, such as in the swelling or compaction
often seen in acellular and cellular hydrogels. It may be possible to analytically account for surface
concavity or convexity generated through these processes, using RAR thickness measurement to
determine changes in surface geometry and applying then to analytical models from literature
[20,21]. It will be important to introduce these corrections to the RAR analytical pipeline to
increase the flexibility of this technique.

Changes in sample diameter have a significant effect on the surface oscillations generated
during RAR. While this difference can be corrected analytically, as demonstrated in this thesis
(Chapters 2 and 3), it may be beneficial to utilize this resonant difference to control the oscillation
frequency independent of material properties. We can fabricate custom microplates with variable
well diameters, allowing the systematic study of the frequency dependence of viscoelastic material

properties using RAR. Additionally, we may be able to improve the range of material that can be
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measured, using larger or smaller diameters for stiffer or softer materials respectively to keep
oscillation frequencies within the measurable range.

Additionally, it may be possible to expand RAR to materials that were not cast in the well
of a microplate. It is likely possible to generate and measure resonant oscillation on the surface of
soft material samples with a generally cylindrical shape, such as tissue biopsies, either inside or
outside the well of a microplate. As described above, there will need to be changes to the RAR
analytical process in order to accommodate geometric differences between samples or changes in
the boundary condition for samples that are no longer bound to the walls of the microplate. While
standard RAR measurements do not use the ultrasonic pulses to generate 2D or 3D images, it is
very possible to adapt the protocol to include a 2D raster scan underneath a sample, enabling the
3D mapping of a sample’s surface geometry. Deviation from a cylindrical geometry, if substantial,
may potentially require a switch from the analytical models of propagating surface waves to the
use of computational tools, such as FEA, in conjunction with the individually imaged 3D geometry
to identify the relationships between resonant parameters and intrinsic material properties.
Developing alternate methods for the analysis of RAR experimental results will enable the
expansion of this technique to a greater range of soft biomaterials, from synthetic hydrogels to soft

tissues.
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Appendix A: RAR Experimental Protocol
A.1 Summary

The experimental setup is prepared by connecting the required instruments and a setting up the
heated water tank. Next, a custom MATLAB script is used to define instrument settings, input
sample arrangement and contents, and align the microplate and transducer. A MATLAB
structure is generated containing metadata describing exact protocol for each upcoming
measurement, including sample names, geometries, 3D positions, ARF parameters, tracking
parameters, and timings. Finally, once samples are prepared the RAR measurements are initiated,

following the predefined protocol automatically.

A.2 Detailed Protocol

1) Prepare heated water tank.
a) Degassing water.
1) Fill 3.3-gallon acrylic vacuum chamber (BVV) 1/2 full with DI water.
i1) Place on top of magnetic stir plate and begin stirring (~300rpm).
ii1) Apply vacuum (< 0.5 Bar) for at least 1 hour.
b) Preheat water.
1) Move degassed water tank to RAR setup.
i1) Place copper coil heat exchanger in water tank.
ii1) Start flow of heating fluid (water) through coil.
(1) Set heating fluid 1°C above desired tank temperature.
iv) Insert thermometer into water tank.
¢) Wait until tank temperature reaches stable temperature.
1) Adjust heating fluid temperature to until tank reaches desired temperature.
2) Connect instruments using BNC cables according to Figure 0.1
3) Turn on RAR equipment.
a) Function generators (Agilent 33220A)
b) Digital delay generator (BNC 565)
¢) 3D Motion System (Velmex VXM)
d) Pulser/Reciever (Panametric 5900 PR)
1) Settings
(1) MODE: P/E
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4)

5)

6)

7)

8)

9)

(2) PRF: EXT-BNC
(3) ENERGY: 1uJ
(4) DAMPING: 50 Ohm
(5) HP FILT =3 MHz
(6) LP FILT =20 MHz
(7) ATTENUATORS = 13.0 dB
(8) GAIN: 26.0 dB
(9) RF OUTPUT PHASE= 180°
Lower transducer into water tank.
a) Approximately 2” below water surface.
b) Minimum of 1 above tank bottom to protect cords (add water if needed).
Lower plate holder to water surface .
a) LOWER SLOWLY AND DO NOT HIT TRANSDUCER.
b) Submerge halfway.
c) Secure in place with set screws.
Open “RAR_Measure Picosocpe *.m” script in MATLAB.
a) Sperate scripts for each application.
1) “UV” for rRAR with triggered UV illumination.
i1) “multiRadius” for custom microplates with mixed sample sizes.
i) “Rapid” for standard high-throughput measurements .
Run Section 1: Initialize and Select Transducer Setup.
a) Connects to instruments via GPIB and USB connections.
b) Loads transducer properties and calibration data.
c) Enter experiment name and save location when prompted.
Run Section 2: Initial Setup of Instruments.
a) Automatically sets parameters for all instruments (except P/R)
b) Enter water temperature when prompted.
1) Used to calculated speed of sound for accurate alignment and motion estimation.
Run Section 3: Select Plate Arrangement.
a) Select microplate type.
1) 96-well, 48-well, 24-well, 12-well, 6-well or custom geometry.
b) Define samples.
1) Select wells containing samples.
1) Name samples.
(1) Fill in name, prefix, and suffix.
(2) Enter individually, by column, by row, or all selected wells.

10) Place empty plate into plate holder (A1 at upper right)

a) Use suction to remove all air beneath plate

11) Run Section 4: Find Plate Zero at Top-Left.

a) Zeros the 3D motion system to the upper left well (H1 for 96-well plate).
b) Move the transducer roughly under highlighted well using on screen controls.

12) Run Section 5: Find Sample Positions.

a) Automated alignment to define exact 3D position of each microplate well.
1) 3 alignment modes.
(1) Single well: Adjusts for plate translation relative to Velmex.
(2) Corners: Adjusts for plate translation or rotation.
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(3) All wells: Adjusts for plate translation or rotation or warp.

13) Run Section 6: Adjust Windowing.
a) Select alignment well.
b) Displays pulse-echo RF signal.

1) Verify that reflections from plate bottom near bottom collected range.

14) Run Section 7: Setup Data Acquisition.

a) Define PRFs, ARF pressure, ARF duration, and timing of repeated measurements.
b) Creates Matlab structure containing instructions for each RAR measurement.
15) Place samples plate into plate holder (A1 at upper right).

a) Use suction to remove all air beneath plate.

16) Turn on power amplifier (Amplifier Research 75A250).

a) Set gain to 2 o’clock position.

17) Prepare samples to measure.
a) For static materials: just add plate seal.
b) For dynamic materials:

1) Mix hydrogel precursor solution (eg. Fibrinogen and Thrombin).

(1) Start stopwatch after combination.

ii) Pipette into the appropriate wells of microplate.

ii1) Add plate seal.
iv) Wait until 60 seconds have passed.
18) Run Section 8: Run RAR.

a) Completes RAR measurements according to predefined instructions.
1) Moves transducer along plate bottom, measuring all samples at each time point.
i1) Saves RF signal while moving transducer to reduce any delay.

b) Pauses if current elapsed time is less than the desired sampling time.

~N

Digitial Delay
Generator |ChannelB
( Ext Trigin ) q ExtTrigin )
Imaging AWG Pushing AWG
L Oui‘u'f b, L Output )
Syncout Ext Trigin ) ( Input )
Pulser/ Power
output|  Reciever /R Amplifier
r N\ Y, L Output )
Ext Trig Channel A ;
( )
Oscilloscope Imaging Pushing
Transducer Transducer
. J

Figure A.1: Schematic of instruments and connections used in the RAR experimental setup.
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Appendix B: RAR Analysis

B.1 Summary

The RAR analysis is performed using a set of custom MATLAB tools to measure displacements
from pulse-echo RF data, find the resonant parameters to describe the surface oscillations using
Fourier analysis, and calculate the viscoelastic properties of each sample at each measure time

point. Figure 0.2 shows flow diagram of general analysis protocol.

B.2 Protocol

1) Start with “RAR_Interface Analysis_*.m” script in MATLAB.
a) Run Section 1.
1) Select the directory(s) containing the RAR experimental data to be processed.
b) Define processing parameters as true or false.
1) “file check”
(1) True: Select of individual measurements or groups of measurements for processing.
(2) False: Process all measurements in the selected directories.
1) “corr_check”
(1) True: Checks for previously saved NCC uses those if available.
(2) False: Performs NCC for all measurements (overwrite saved values).
ii1) “thick plate”
(1) True: Assumes a plate bottom thickness of ~1 mm in subsequent analysis.
(2) False: Assumes a plate bottom thickness of ~0.3 mm in subsequent analysis.
¢) Run Section 2.
1) Find displacements from first measurement.
(1) Loads raw RF data.
(2) Use peak fitting to locate reflections from plate-sample and sample-air interfaces.
(3) Define control A-line from average of pre-deformation echoes.
(4) Measure time-shift in interface reflections.
(a) Define a 10-wavelength window around the top or bottom sample surface for
the averaged control and first individual A-line.
(b) Calculate lag in reflection using NCC.
(c) Repeat for each A-line.
(5) Calculate displacements from NCC using the known RF sampling rate and speed
of sound at the sample temperature.
i1) Repeat for all measurements.
2) Use “RAR_FFT Processing.m” function in MATLAB.
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a) Define the directory(s) containing the processed RAR data.
b) Find resonant parameters.
1) Run FFT of each displacement time-series to generate power spectrums.
i1) Fit position and HWHM of highest amplitude Lorentzian peak.
(1) Damping (I') = HWHM for a rectangular window (apply correction for other
windows).

(2) Natural Frequency (wg) = /Peak Position? + Damping?

ii1) Repeat for all measured displacement time-series.
¢) Reorder resonant parameters to sort longitudinal measurements for each sample.
d) Calculate the viscoelastic properties for each sample at each time point.

1) Use wave dispersion models as described in chapters 2-3.

3) Perform subsequent analysis of viscoelastic dynamics, including:

a) Crossover detection using Damping threshold.
b) Exponential or logistic fitting of combined shear modulus kinetics

Collected RF
Signals

Displacement

: Time Series
Normalized
Cross-Correlation
Power
Spectrum of
Fourier Oscillation
Transform
Resonant
Parameters:
Lorentzian wandTl
Peak Fitting
Viscoelastic
Wave Properties:
Dispersion Gandn
Equations

Figure B.1: Flowchart of the overall process for RAR analysis.
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