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Abstract

Cryopreservation of engineered tissue (ET) has achieved limited success due to limited
understanding of freezing-induced biophysical phenomena in ETs, especially fluid-matrix
interaction within ETs. To further our understanding of the freezing-induced fluid-matrix
interaction, we have developed a biphasic model formulation that simulates the transient heat
transfer and volumetric expansion during freezing, its resulting fluid movement in the ET, elastic
deformation of the solid matrix and the corresponding pressure redistribution within. Treated as a
biphasic material, the ET consists of a porous solid matrix fully saturated with interstitial fluid.
Temperature-dependent material properties were employed and phase change was included by
incorporating the latent heat of phase change into an effective specific heat term. Model-predicted
temperature distribution, the location of the moving freezing front, and the ET deformation rates
through the time course compare reasonably well with experiments reported previously. Results
from our theoretical model show that behind the marching freezing front, the ET undergoes
expansion due to phase change of its fluid contents. It compresses the region preceding the
freezing front leading to its fluid expulsion and reduced regional fluid volume fractions. The
expelled fluid is forced forward and upward into the region further ahead of the compression zone
causing a secondary expansion zone; which then compresses the region further downstream with
much reduced intensity. Overall, it forms an alternating expansion-compression pattern which
moves with the marching freezing front. The present biphasic model helps us to gain insights into
some facets of the freezing process and cryopreservation treatment that could not be gleaned
experimentally. Its resulting understanding will ultimately be useful to design and improve
cryopreservation protocols for ETs.
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Introduction

With advances in tissue engineering technology shepherding development more rapidly
toward functional products, it has become increasingly important to cultivate long term
storage options for these constructs in order to realize manufacturing, storage, and
distribution strategies necessary to achieve clinical product integration [1, 2].

3For correspondence: Cheng-Jen Chuong, Ph.D., Bioengineering Department, University of Texas at Arlington, Arlington, TX 76019,
Voice: (817) 272-2052, chuong@uta.edu.
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Cryopreservation holds promise in this regard. However, current cryopreservation
technology has achieved only limited success as a result of the damage incurred during
freeze and thaw cycles [3-6].

Tissue damage during freeze and thaw cycles can be attributed to some combination of
direct cell injury via intracellular ice formation, apoptosis, water redistribution and damage
to the extracellular support structures [3-6]. Generation of localized regions of expansion
and compression resulting from temporally and spatially evolving transitions of the local
water content between the fluid and solid phases can lead to changes in both the intra- and
extracellular environments that could affect tissue survival and function post-thaw.
Maintaining the integrity, structure, and functionality of this extracellular environment,
including the ECM, local vasculature, and local fluid content, is critical toward maintaining
cell function and survival. It is important to quantify the evolving mechanical response of
engineered tissue (ET) during freezing and to determine its effects on this local environment
post-thaw as the cell-environment interaction plays a crucial role in determining key
components of cell phenotype including cellular viability, morphology, growth, and various
cellular functions [7-9]. Development of a validated model could augment experimental
evidence yielding critical insight into phenomena like fluid transport that are difficult to
obtain experimentally to help characterize the mechanical response of the ET during
freezing and lend a valuable tool to aid in the optimization of tissue-dependent freeze-thaw
protocols.

Development of a theoretical model for the process takes place in the ET during cryo-
treatment is complicated by the heterogeneous, viscoelastic, and composite nature of tissue
as well as the mathematical complexity of tracking temperature and phase changes in the
model. Contemporary modeling strategies driven by questions surrounding cryosurgery have
focused on incorporating phase change effects into a Pennes bioheat equation and
quantifying the thermal history obtained to compare with post-surgery tissue injury [10-14].
Some investigators have developed models coupling the bicheat equation and associated
phase change effects with stress analysis, treating tissue either as a linear elastic or elastic-
perfectly plastic solid [11-17]. Although insightful, these approaches didn’t take the
complex interaction between fluid and solid ECM into consideration. As the mechanics of
soft tissues are intimately tied to the fact that they contain significant volumes of mobile
interstitial fluid that can be redistributed in response to solid matrix deformation and altered
pressure fields, a model incorporating this aspect is clearly needed.

Previous researchers have adopted either biphasic or poroelasticity theory to describe soft
tissue mechanics [18,19]. Biphasic theory was developed from mixture theory (see review in
Cowin and Doty) [20] assuming the tissue is composed of intimately mixed fluid and solid
phases where the changes in proportions of each phase are dependent on deformation
histories. It was first applied to study soft tissues mechanics by Mow et. al. [18].
Poroelasticity theory was originated by Biot for analysis of soil consolidation [21] and later
applied by Simon [19] to the study of soft tissue mechanics with the idea that tissue is a
fluid-saturated sponge-like matrix. Both models are equivalent under the assumption of
incompressibility [19].

Biphasic theory provides a continuum framework that has been utilized to characterize the
mechanics of various soft tissues including cartilage, arterial wall, vertebral disk, brain
tissues, and interstitium [18, 19, 22-29]. Biphasic models have been applied to characterize
macromolecular transport in tissue matrix for enhanced drug delivery [22], to describe
swelling effects brought on by changes in local ion concentrations [22,30,31], to explore the
balance between fluid infusion and lymphatic drainage under normal and edematous
conditions [27], to study the response of cartilage and the behavior of temporal-mandibular
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joint disc [32], to characterize macromolecular transport from an injection site into the gray
matter of the central nervous system [28], and to characterize the behavior of tissue such as
articular cartilage in confined compression [29]. Formulations for previous works are
applicable for studying process and events at constant temperature.

To further our understanding of the effects of a freeze-thaw process on soft tissues, in this
work, we have developed an ET model by adopting a modified biphasic formulation that
includes the effects of temperature and phase changes. Various temperature-dependent
physical properties were directly incorporated. We employed the model to simulate the
directional freezing of thin strip of ET and to examine the resulting elastic deformation of
the ET along with the corresponding pressure redistribution and fluid movement.

We first present the biphasic formulation for the thermo-elastic deformation of an ET
undergoing a freezing process with temperature and phase changes. We then apply this
formulation to simulate the physical events of the freezing of a thin strip of ET, including
the spatial and temporal variation in temperature distribution, the propagation of freezing
front, the associated non-uniform tissue expansion, the corresponding pressure redistribution
across the marching freezing front, and the resulting fluid movement. Model predictions are
validated using experimental data reported in Teo et al. [33]

We assume the ET can be modeled as a locally homogeneous, biphasic mixture consisting of
chemically inert, immiscible solid and fluid phases. The solid matrix represents the
interconnecting, polymer ECM skeleton and is assumed to behave linear-elastically
undergoing small deformation. It is immersed in the surrounding fluid phase, which is
considered inviscid, interacting with the solid skeleton through a diffusive drag coefficient
incorporated as a hydraulic conductivity. In addition, inertial terms are deemed negligible.
The formulation for the thermo-elastic deformation of the biphasic ET including both
temperature and phase change is given as the follows:

Conservation of mass—Denoting ¢” ¢° as the respective volume fraction for the fluid
and solid polymer phases, v as the velocity vector of the fluid phase, and u as the
displacement vector of the solid phase, the conservation of mass for the mixture can be
written as

Ve (gof V+(,0S((99—l;) =0 @)

Conservation of linear momentum—Consider & and o° as the stress tensors for the
fluid and solid phases and d'as the diffusive drag coefficient at the interface between two
phases, the momentum equations can be written as the following for the fluid and solid
phases respectively:

Ou
f4d|— —v|=
Veo +d(6t v) 0 7
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Constitutive equations—The constitutive equations for fluid and solid phases are
o/=-¢/ pl @
1
0= — @ I+ AV - WI+2p8 — BA+2) | @, (T — Ty 3 of F(T)} I ®)

where p denotes the hydrostatic pressure, e signifies the elastic strain tensor, a ysymbolizes
the thermal coefficient of linear expansion, 7 indicates the instantaneous temperature, 7,.f
refers to the reference temperature, e stands for the volumetric expansion associated with
phase change from water to ice, and ~(7) designates the mass fraction of frozen tissue at a
prescribed temperature in the mushy zone where the fluid progressively becomes ice. A and
M denote Lame’s constants and can be related to the Young’s modulus £and Poisson’s

) 1= Ev _E
ration vas [34]: 7 (15,1 — 2y) and H7 (1)

Note that on the right hand side of Eq. (5), within the bracket, the first term accounts for the
strain contribution to the solid polymer matrix arising from thermal expansion of the
neighboring fluid due to temperature change; while the second term accounts for that from
volume expansion due to phase change within mushy zone as the fluid solidifies. A full
description of the additional thermal strain components due to temperature and phase change
are described in He and Bischof [11]. Note that the first term in the bracket is an
approximation as the thermal expansion coefficient, technically, should be integrated over
the range of temperature change to account for the temperature dependence of the material
properties. The approximation was made to aid in numerical implementation noting that the
contribution from the second term is dominant and much larger. The elastic strain e is
related to displacement gradients through

s:% (Vu+VuT) (6)

Darcy’s law—The relative movement between the fluid and solid matrix phases can be
described by Darcy’s law written as

Ou
¢ (V - 5) =—KpyaVp %)

where Kyyq conveys the hydraulic conductivity of the ET, which is related to diffusive drag
coefficient d'through
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Transient temperature change in the biphasic ET mixture—To describe the
spatiotemporal temperature history, the Pennes bioheat equation was adopted with a
modified effective specific heat term [34] to account for the latent heat effects associated
with phase change. Neglecting the effects of blood perfusion and metabolic heat generation,
the governing equation for the cryo-treatment of the ET can be written as

oT
0 (cp+cL) 57tV (K T)=0 ©)

where Kris thermal conductivity of the tissue, p is the density. The effective specific heat is
the sum of c,and ¢, where ¢, is the standard specific heat associated with temperature
change at a constant pressure, ¢; represents the additional energy transfer per unit mass
associated with latent heat due to phase change over the “mushy” range of temperature. Note
that ¢; was obtained by dividing the assumed latent heat of fusion for the fluid in the ET (~
L =300 J/g [11,35]) over the temperature range through which the water content in ET
progressively becomes ice. Consequently, the quantity obtained by integration of the area
under the ¢; vs. T curve is equivalent to the latent heat of fusion, i.e.

Tuppw
L= [ c,(T)dT (10)

Tiower

where Tyouerand 7, ppe mark the upper and lower limits of the mushy zone over which
phase change occurs.

Solution algorithm—To tie all equations together, we first combine Egs. (4) and (5)
leading to the expression for the total stress o as

o= — pl+o° — 3A+2u)

1
@, (T = Ty) +§e¢F(T)} I (11)

where o€ isthe elastic stress accounting for the stress associated with the elastic deformation
of the polymeric solid matrix, written as

o =AV-wl+2ue (12)
Summing Egs. (2) and (3) then substituting Eq. (11) yields the stress equilibrium equation as

follows

Ve o°=Vp+V o (31+24) ([aT (T - Ty) +%e ¢F(T)] 1) (13)
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Equation (13) states that any elastic deformation of the matrix is driven by both local
pressure gradients and tissue expansion associated with temperature changes as well as that
due to the phase change of the interstitial fluid to ice upon freezing.

The equation governing the pressure diffusion was obtained by substituting Eqg. (7) into (1),
i.e. the substitution of the generalized Darcy’s law into the continuity equation, leading to

o(Veu)
ot

=Ve (Khdep) (14)

Equations (9), (13), (14) together describe the complex spatiotemporal changes in
temperature 7, deformation of the matrix u, and interstitial pressure p. The temperature
variations and phase changes, caused by the heat loss, induce regional volume and pressure
changes leading to localized deformation and the development of mechanical stresses in the
solid matrix. The resulting time rate of change in the dilatation of the matrix is related to the
diffusion of the interstitial pressure through hydraulic conductivity in the mixture. The
resulting pressure gradients drive the movement of interstitial fluid leading to a new
equilibrium state.

Model validation

To demonstrate the validity of the formulation, we modeled the directional freezing of a thin
ET strip as described in Teo et. al. [33] and compared model predictions with their
experimental measurements. A brief description of the referenced is given wherein they
measured the instantaneous deformation of a thin ET strip under directional freezing using a
quantum dot-mediated cell image deformetry (CID) technique. The ET strip (approximate
dimensions 48 x 20 x 2 mm) was constructed by seeding labeled quantum dots in a
fibroblast-seeded type-1 collagen matrix and incubating for 24 hours. Initially at room
temperature 20°C, directional freezing of the specimen was carried out by placing the
specimen over a thin cover slip placed between two temperature reservoirs maintained at
—-20°C and 4°C with a 6 mm space between them (Fig. 1A). Through the freezing process,
the specimen was imaged from a stationary camera above every 10 seconds and the time-
varying sequence of local deformation rates of the ET was derived from the relative
movement of quantum dots following CID technique [36]. The instantaneous location of the
moving freezing front was monitored throughout the experiment.

To validate our model formulation, a 3D model for the ET specimen, comprising dimensions
of 10 x 12 x 2 mm (width x length x height), initially at 20°C, was subjected to the sudden
application of —20°C temperature at one end where x=0 at time #= 0. The ET was modeled
as a biphasic mixture with fluid and solid matrix phases in a fully saturated state at a given
initial porosity of ¢/(x, v, z t = 0)= 0.914 [33]. Temperature-dependent properties for fluid
and solid matrix phases were employed and the release of latent heat through the icing phase
change was included. Temperature-dependent material properties used, including a
(thermal expansion coefficient), cp (Specific heat at constant pressure), ¢; (Effective
specific heat accounting for latent heat), p (density), £(Young’s modulus), ~(T)Mass
fraction of frozen tissue in mushy state), Kyyg (Hydraulic conductivity) and K7 (thermal
conductivity) are summarized in Table 1 and illustrated in Fig. 2. Using the above
formulation, the transient thermal-mechanical interaction was simulated for 500 sec.

For the model dimension, a length of 12 mm was chosen to incorporate the 6 mm gap
between temperature reservoirs described in the experiment as well as to provide additional
mechanical anchoring consistent with the experiment at the far end of the model. Taking
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advantage of the symmetry with respect to zx-plane, the model considered only half of the
actual geometry.

Boundary, initial conditions, and internal constraints (BC, IC)—Time-dependent
temperature profiles 7y, (¢)and 74, (¢) recorded experimentally at x= 0 and 6 mm
respectively [37] are summarized in Fig. 1B and they were employed as BC (x = 0) and
internal constraints (x = 6) in the model, written as:

T(0,y,z,0)=Tiow(t) (15)
T(6,y,2,0)=Th() (16)

Another Dirichlet type BC needed for Eq. (9) was applied to the bottom surface of the ET
supported by the 4°C reservoir, written as:

T6<x<12,y,0,H)=4°C 17

An insulated temperature BC was applied to the bottom surface of the ET above the gap but
supported by the cover slip (0 < x< 6 and z = ) and to the plane of symmetry (y = 0) as

or or
a_n(o <x< 63 Yy, 07 t):a_n(xa Os s t):O (18)

where n represents the unit surface normal. A small amount of natural convective heat
exchange is allowed on the top (z = 2) and the side (y = 10) surfaces of the ET written as

oT oT
a_n(xs ¥, 2, =heom(T — Troom) and %()@ 10, z, )=hconv (T = T room) (19)

where /-5, 1 the natural convective heat transfer coefficient in air and 7,44, = 20°Cis the

ambient room temperature.

Structurally, the bottom surface of the model (z = 0) is fully constrained written as:
u(x,y,0,H=0 (20)

At the low temperature end of the model where x = 0, the surface was free to expand in the y

and zdirections, but constrained in the x direction as shown:

u(0,y,z,0H=0 (21)

A symmetry condition was employed at the plane )= 0 written as:

u(x,0,z,6)=0 (22)

The remaining surfaces including the side wall (y = 10), the top (z = 2), and the back (x =
12) surfaces of the model were left unconstrained.

J Biomech Eng. Author manuscript; available in PMC 2013 June 01.
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Fluid was prohibited from moving back into regions already in frozen state. Further, fluid
was prohibited from moving across the surface where x =0, or from exiting the domain
through the bottom where the glass slide provided containment at 2= 0 and from the plane
of symmetry where y=0, summarized as:

0 0 0
—p(O, y,2, )= —p(x, y,0, )= —p(x, 0,z,1)=0 (23)
on on on

Zero pressures were applied at all other surfaces as indicated:

p(12,y,7,)=p(x, 10,2z, )=p(x,y, 2,1)=0 (24)

Numerical implementation—The model was meshed incorporating 1,440 quadratic
elements throughout the domain and transient numerical analysis was performed using
COMSOL 4.1 (COMSOL, Inc.) for 500 sec. The solution was judged to have been
independent of the mesh size as doubling and tripling of the mesh density vertically then
horizontally within the gap region led to no significant changes in the results. An implicit
time stepping method was employed using a variable time-step controlled by a backward
differentiation formula algorithm with the maximum step constrained to 0.1 sec. The
tolerances for each iteration k' were set to 1e-8 m for displacements, 0.01 Pa for pressure,
and 0.01 °C for temperature, where convergence was satisfied when the error estimate, for
all groups /, was smaller than the corresponding tolerance as follows:

errji<tol; (25)

Notes—We carried out model simulation for half of the geometry to take advantage of the
symmetry with respect to plane y= 0. To facilitate the comparison with experimental
measurement, we mirrored modeling results in post-processing to allow visualization of the
entire ET.

Propagation of the freezing front

As time progresses a temperature gradient is established across the tissue gap with colder
temperatures originating near the low temperature reservoir then marching toward the higher
temperature end. As the temperatures drop below 0°C within portions of the ET, the
localized tissue enters a mushy state as its fluid content is progressively converted into ice.
As temperatures plummet, the mass fraction of ice to water continues to increase until all of
the fluid content is effectively frozen. The freezing front X(#) can be defined as the location
of the leading edge (farthest from cold reservoir) of this expanding region of icing at any
time ¢ Model-predicted X(2) along the top surface show reasonably good agreement with
that recorded from the CID experiments [33] (Fig. 3). The slopes of the X{#) curve reflect
the speed of the propagating freezing front. Steeper initial slopes indicate that the front
marches more quickly initially as heat extraction is more efficient closer to the low
temperature reservoir where early axial temperature gradients are relatively steep. As time
evolves and the front progresses across the gap moving farther from the low temperature
reservoir, the axial temperature gradient decreases and the freezing front marches with
reduced speed as heat extraction becomes less efficient.
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Transient expansion and compression rates associated with the freezing front propagation

Comparison

The spatiotemporal changes in temperature distribution along with the associated fluid phase
change within the mushy zone result in localized expansion or compression in the ET. We
first present model-predicted dilatational rates in 3D contour plots for three time steps (£=
85, 140, 310 sec) corresponding to freezing front locations of X(?)=1, 2, 4 mm,
respectively, as shown in Figs. 4A1-A3. These plots revealed an alternating pattern of
expansion (in yellow, red) and compression (in blue), with the freezing front (referenced
dash line in red) being centered between the initial expansive and compressive zones. Ahead
of this initial compressive zone, the ET continues to experience alternating local bands of
expansion and compression with decreasing intensities. The downstream intensity of this
cyclic response diminishes as the front traverses the gap over time. This alternating pattern
of expansion-compression extends throughout the thickness of the ET, but the bands appear
more constricted and shifted slightly left near the bottom where any axial ET movement is
resisted by the constraints from the bottom surface of the ET.

For direct comparison with measurement data available, we included the corresponding 2D
contour plots showing dilatation rates at the upper surface of the ET (Figs. 4B1-B3) and
compared them with experimental measurements of Teo et al [33] (Figs. 4C1-C3) using the
same scales. As in the prior 3D plots, the 2D plots indicate an alternating pattern of
expansion and compression beginning with a regional expansion within the mushy zone
where phase change occurs. The freezing front is centered between the foremost zones of
expansion and compression. Although the responses appear to be more intense in the
experiment, our model predictions show reasonably good qualitative agreement with the
experimental observations in terms of the alternating pattern and the band locations at each
time step.

of x-deformation rates on the top surface at various front locations

We calculated x-deformation rates at the upper surface of the ET when ¢= 85, 140, and 215
sec., corresponding to the front locations of x=1, 2, and 3 mm, respectively. A comparison
with measurements using CID technique [36] shows our model was able to capture the
essential characteristic response of the ET (Fig 5). They exhibit alternating damped
responses with decreasing amplitudes and wider wavelengths. Results show that the x-
deformation rates increase throughout the mushy zone culminating in a maximum x-
deformation rate corresponding to the location of the front at the leading edge of the freezing
tissue. Ahead of the front, in the first compressive zone, the deformation rates decrease.
Further ahead of this region, there is a second rise in the deformation rate, corresponding to
a second region of expansion, preceded by a second fall in deformation rates consistent with
the regions of compression. Thus, the regions of increasing x-deformation rate in the model
correspond to regions of expansion, while regions undergoing decreases in the x-
deformation rate correspond with regions of compression. The overall magnitude of the
deformation rate is mitigated in the simulation, and regions exhibiting alternating expansion
and compression ahead of the front experience weaker gradients and prolonged changes in
the deformation rate when compared with experimental observations. These differences are
likely due to the uncertainty in properties used, including Kyyq and £ (see Discussion).

Fluid movement associated with tissue deformation

The mechanical response of the ET is governed by a combination of the solid matrix elastic
properties and the interstitial fluid conductive properties. Results presented in both Figs. 6
and 7 indicate that there is a compressive zone directly preceding the freezing front. Fluid
velocity fields corresponding to front locations of x=1, 2, and 4 mm are illustrated as 3D
vector plots in Fig. 6A—C. These results indicate that there is fluid expulsion out of the early
region of compression preceding the freezing front. They suggest that as the freezing front
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marches in x-direction, the fluid content in the ET is forced axially in x-direction as well as
upward into the immediate regions ahead of the compression zone. Consequently, there is a
redistribution of fluid both axially and upward as the freezing front propagates.

For small deformation, the fluid volume fraction ¢ 7is a function of the instantaneous
dilatation and the initial porosity ¢ /(¢=0) as follows:

s V- u+¢/ (1=0)

26
1+V-u @)

Instantaneous fluid volume fraction contours corresponding to the same freezing front
locations of x=1, 2, and 4 mm corroborate the fact that fluid is expelled from the
compression zone immediately preceding the front (Fig. 7A—C). Results indicate that the
fluid volume fraction decreases in this compressed zone and increases in the region
preceding it, suggesting that the fluid is being redistributed and forced forward axially as the
front proceeds. Furthermore, fluid volume fraction remains slightly diminished in regions
behind the freezing front, including both region in mushy state and that frozen state. Our
results indicate that the redistribution of fluid may play a key role in the soft tissue response
to cryo-treatment, particularly, in eliciting the alternating pattern of expansion and
compression observed experimentally.

Strain and stress profiles in the ET

As the mushy and frozen regions continue to expand, sequentially enveloping larger portions
of the ET axially, transient strain and stress profiles evolve within it along with the
progressing freezing front. The volumetric strain is the dilatational strain imparted on the
tissue matrix calculated as the trace of the elastic strain tensor, written as:

Evol=1r(E) 27)

Instantaneous snapshots of the evolving volumetric strain profiles developed in the ET at
times corresponding to front locations of X(?)= 1, 2, and 4 mm, respectively, are shown in
Figs. BA—C. These results indicate that as the front journeys distally, there are characteristic
regions which move with the freezing front. The growing mushy and frozen regions behind
the freezing front are clearly subjected to compressive volumetric strain as the tissue in this
region undergoes thinning after the front has passed. Although we have indicated previously
that the mushy region undergoes expansion, it occurs primarily in the axial direction due to
the quasi-1D nature of the front propagation in the axial direction. This axially-dominated
expansion along with the displacement constraints at the end surface, where x =0, and at the
bottom surface of the ET collectively lead to the reduction of the ET’s vertical dimension
and hence its strain at the z-direction, particularly in the deep layers of the ET. Note that the
compressive strains diminish near the upper surface of the ET because the upper surface is
left traction free. Another region exhibiting stronger compressive volumetric strain is the
region preceding the freezing front due to the vigorous expansion of the ET in the x-
direction at region behind the propagating freezing front. In summary, the regions
undergoing large compressive strains include 1) the deep regions of the mushy and frozen
zones due to vertical thinning and boundary constraints, and 2) the region immediately
preceding the marching freezing front as it is compressed axially by the rapid expansion of
the ET behind the freezing front. Results also reveal expansive strains developing at region
just forward of the compressed region.
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Combined principal stress contour and vector plots help to clarify that the mushy zone
undergoes axial expansion as a results of phase change resulting in vertical compression and
the subsequent thinning of the regional ET. Plots of the first principal stresses show they are
expansive within most of the mushy zone, while they become compressive and directed
back toward the cold reservoir only within the deepest layers affected by the boundary
constraints (Fig. 9A, B). The superimposed vectors align primarily in axial direction due to
the quasi-1D nature of the expansion within the region driven by phase change and its
consequential expansion as the front moves in the same direction. Plots of the third principal
stresses show this same region is under a vertical compressive stress consistent with the
thinning of the regional ET (Figs. 9C, D).

Front propagation results in alternating regions of expansion and compression

Both simulation and experimental results indicate that the directional freezing process in a
thin strip of ET results in a tissue response characterized by alternating regions of expansion
and compression. To further explain it, we summarized distributions of model-predicted
results, including dilation rates, x-deformation rate, fluid velocity magnitude, and volume
fraction in Figs. 10A-D, when the traveling freezing front is at x=2 mm (corresponds to =
140 sec). They were taken along a line running axially on the upper surface of the ET.
Vertical broken lines across four subplots were added to highlight the successive regions
labeled as E1 (Primary Expansion), C1 (Primary Compression), E2 (Secondary Expansion),
and C2, (Secondary Compression). These responses show regions of expansion (E1 and E2)
are characterized by positive dilatation rates and increasing x-deformation rate. Meanwhile,
the region of primary compression (C1) is characterized by negative dilatation rates and
decreasing x-deformation rates. We anticipated the responses at C2 to be similar; the
corresponding magnitudes are however relatively small. The region of initial compression,
C1, indicates increasing fluid velocity in the region followed by decreasing magnitudes in
early part of region E2 due to fluid expulsion and movement from C1 to E2 (Fig. 10C). This
fluid expulsion results in decreased fluid volume fraction in the first half of the compressed
region C1. The increased fluid volume fraction in the second half of C1 through region E2 is
caused by the rapid influx and fluid movement from the compression in region C1 (Fig.
10D). Together, the fluid velocity and fluid volume fraction indicate fluid is expelled from
the compressed region and channeled axially into the preceding region. These alternating
pattern observed also illustrates how the elastic response of the solid matrix and the
dissipative response of fluid conductance are coupled together in each region as time
proceeds.

Discussion

Biphasic model of tissue response including effects of temperature and phase changes

Biphasic model has been widely applied to study soft tissue mechanics for processes at
constant temperature. The current model augmented the biphasic formulation with additional
terms to account for the effects of temperature change and phase transition of the fluid. They
are coupled to a heat equation to track temperature histories driven by the applied thermal
loads. Our model results illustrate the importance of accounting for the biphasic tissue
response and suggest that fluid redistribution plays major role in the resulting alternating
expansion-compression response observed experimentally.

ET mechanical responses

Both model predictions and experimental observations indicate that the front propagation
generates a transient, alternating pattern of expansion and compression that originates with
an initial expansion in the mushy zone and oscillates with diminishing intensities ahead of
the front. These results suggest that as the front progresses across the gap, horizontal
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expansion is initiated within the mushy zone driven by the conversion of the local fluid
portion of the ET into ice. This horizontal expansion along with the constraints at the end
surface where x= 0and the bottom surface (glass-slide interface) resulted in a vertical
thinning of the ET within the mushy zone and already-frozen regions (Figs. 5, 7, 8, 9 and
10).

Beyond the freezing front, the fluid content has not undergone phase change, leaving these
regions unexpanded. Instead, the axial expansion from the mushy zone leads to its intrusion
into the preceding zone where it encounters resistance arising from the compression of the
local tissue (Figs. 4, 5, and 8). Thus, axial expansion driven by fluid phase change results
directly in a region of primary axial expansion preceded immediately by a region of primary
compression driven directly by the encroachment of this expanding region.

Beyond the zones of primary expansion and compression, fluid movement becomes integral
in sustaining the alternating expansion-compression response observed experimentally. Our
results highlight the importance of fluid redistribution in perpetuating the oscillatory
response of the ET. Fluid velocity and volume fraction data (Figs. 6 and 7) suggest that fluid
is squeezed axially out of the zone of primary compression and channeled into neighboring
regions ahead as the front progresses. This fluid efflux out of the compressed region
inundates the region ahead resulting in a region of secondary volumetrically-uniform
expansion corresponding to a vertical thickening of the ET in this region. If this region of
expansion is strong enough, it’s encroachment on the tissue ahead will results in a secondary
region of compression. The model confirms the importance of incorporating fluid
conductance along with solid matrix stiffness properties in achieving appropriate alternating
mechanical responses.

Our modeling results, along with previous observation of Han et. al. [38], indicate that fluid
movement during a freezing process could result in permanent changes to the fluid content
in the local tissue environment. Interstitial fluid movements affect the microenvironment
experienced by resident cells which could lead to changes in the intracellular activities and
affect the trans-membrane water and ion transports, thereby possibly affecting cellular
phenotypic expression and the overall tissue functions. This fluid redistribution in the tissue
could be exacerbated by thawing and surface evaporation, even as the tissues appear viable
through freezing and are thus worth examining. Our modeling results highlight the
importance of understanding how changes in the local water content and redistribution in the
ECM could affects cellular phenotype, behavior and tissue quality and functions.

Temperature-dependent material properties—Using material properties taken from
literature (Table 1) this current model yields results with reasonably good agreement with
experimental measurement. Limitations in the material properties, however, lead to under-
prediction in deformation rates. Specifically, there are uncertainties on the temperature-
dependencies of the material properties used. Since many of them are not readily available,
they were derived from that of water with the assumption that most soft tissues contain high
water volume fractions. Properties such as the elastic stiffness of the solid matrix and the
hydraulic conductivity of the ET carry greater uncertainty as they are highly tissue-
dependent. The major differences between our modeling results and experimental
observation can be attributed to the uncertainties in these two temperature-dependent
material properties. Measurements of temperature-dependent material properties of the ET
are currently underway in our lab.

lonic Effects—Previous investigators have shown that changes in ionic concentrations
could lead to tissue swelling because of the effect of cations in reducing repulsive forces
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between negatively charged groups in the polymer matrix [30, 31]. During the freezing
process, the fluid movement could be complicated by changes in both fluid partial pressure
and ion concentration gradients induced by water movement. Furthermore, tissue
architecture could be altered post-thaw by destruction of mechanisms that maintain the
appropriate ion balance in the tissue. In this work, we have assumed the fluid movement
driven by temperature and phase changes are much larger than that due to ionic
concentration gradients and osmotic potentials.

Tissue thinning—While both the computational and experimental data [33] do predict
thinning of the ET in the frozen region, it is difficult to make quantitative comparison
between them. The experimental observation was taken from the specimen after freeze and
thaw which included significant effects from water evaporation from the surface during both
of the processes. Our current model does not have the effect of evaporation or thawing
included.

Vitrification—Because of the difficulties associated with extracellular ice formation during
cryo-preservation, cryo-protective agents (CPA) are often utilized to minimize damage by
vitrifying tissues into a glass-like state [2,17,39,40]. While providing promising results for
the preservation of morphology and mechanical properties, vitrification generates a unique
set of challenges including the limiting toxicity of high CPA concentrations as well as
achieving uniform CPA distributions in tissues or organs [2, 40]. As the vitrifying agents
will force changes in the behavior of the freezing tissues, this subject is beyond the scope of
our current model.

Continuum approximation—Although the current model provides insight into the
macro-scale responses of the tissue, the cell-ECM exchanges at microscopic scale are
neglected. Tissues contain cells which, in turn, envelope cytosols with water content. On the
micro-scale level, there are fluid exchanges across the plasma membrane between the cell
and extracellular compartments driven by osmotic partial pressure gradients. Changes in the
extracellular environment could affect water transport directly and ion concentrations as
described previously.

Boundary conditions—Idealization of boundary conditions could also contribute to
difference between model prediction and experiment. Near the cold reservoir, we
constrained the end surface (x = 0) from having any displacement in x-direction. At the
bottom surface (z=0), the ET is fully constrained. It is likely that these boundary conditions
are over-constrained. Our assumption is that the ET will not move once the tissue preceding
this region becomes frozen. In actuality, the tissue in the preceding region may not be
completely frozen during early time steps. A small amount of horizontal movement of the
ET and some slippage between its bottom surface and the glass slide could develop.
Collectively, they could cause a small over-prediction in the strains and stresses, particularly
near the low temperature reservoir early in the simulation and at the bottom surface of the
ET throughout the transient. We did not include the cover slip in the model, since we used
temperature measurements from ref. [37] as the boundary loading (at x = 0) and as the
internal constraints (at x=6) as shown in eq. 15, 16. Thus, effects of any possible heat
exchange across the cover slip are included in the temperature measurement data we used.

One may question the mismatch in thermal-mechanical properties at the interface between
frozen ET adhering to glass cover-slip could induce regional strain and stress concentrations
in the ET. In actuality, at any given time during the freezing process, the mechanical
interaction at the ET/cover-slip interface is likely to vary spatially from the unfrozen zone,
to the transitional mushy zone, to the already-frozen zone for their respective different
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physical properties, leading to regional variations in mechanical interaction from slippage to
complete tethering. To address the above question, let’s first consider the part of the ET
already in frozen state. The volume expansion associated with tissue water phase change
was reported to be 0.087 [16], suggesting a liner expansion coefficient of 0.029. Through the
freezing process, the glass cover-slip will shorten by ~ 3 x 1076/°C (its linear expansion
coefficient). A comparison suggests the former is dominant and the latter has negligible
effect. Next, let’s consider the part of the ET still in unfrozen state. The linear expansion
coefficients for the ET are ~ 7x107%/°C. Comparing it with that from glass cover-slip (~
3x107%/°C), the latter amounts to ~ 4.3%. Thus, the linear contraction of the glass cover-slip
is relatively small compared with that of the unfrozen ET above it. The above estimates in
ratios should provide upper bounds for the extreme scenarios. In our current model, we
elected to consider the bottom surface to be fully constrained (Eg. 20). Our results of volume
strains distributions in the ET revealed the elevated volume strains near the bottom surface
caused by the boundary constraints (Fig. 8).

Modeling structural (tissue matrix) damages—One may ask if any tissue structural
damages through freeze thaw process could be predicted by the extension of this current
modeling approach. It is a challenge that can be addressed by adopting a constitutive
equation for the solid matrix that includes damage description and damage thresholds to be
validated by extensive experiment data.

Continuing efforts—In addition to the measurement of temperature-dependent
mechanical properties, other aspects that require attention include 1) the role of deformation-
dependent hydraulic conductivity, 2) the effects of nonlinear mechanical properties of the
solid matrix (e.g. hyperelastic or other nonlinear models), 3) the possible effect of finite
deformation and nonlinear kinematics, and 4) the extension of the modeling approach for
failure prediction. These are among the future goals in our evolving modeling efforts to
capture the underlying physics, their implications in biology, with minimal engineering
assumptions while addressing the questions we are studying.

Conclusions

To further our understanding of the effects of freeze-thaw process on soft tissues, we have
developed a model based on linear biphasic continuum formulation that includes spatial and
temporal changes in temperature as well as the effect of phase changes. Simulation results
revealed, as the heat being taken away, the propagation of the freezing front accompanying
the continuing evolving and expanding mushy zone, the instantaneous temperature
distribution, tissue deformation, and fluid redistribution. Model predictions were validated
using experimental data. Results show that the mechanical response of ET to directional
freezing is prompted primarily by its axial expansion, driven by phase change in the mushy
zone. Its compression at the region immediately preceding the freezing front leads to fluid
expulsion and fluid redistribution and its subsequent alternating patterns of localized
expansion and compression. Our model highlights the importance of using biphasic
formulation to understand the tissue response to freezing treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Nomenclature
ar hermal expansion coefficient
A Lame constant
B Shear modulus
P Density
c Total stress tensor
ot Elastic stress tensor
'y Volume fraction of the fluid phase
¢S Volume fraction of the solid phase
Cp Specific heat at constant pressure
cL Effective specific heat accounting for latent heat
d Diffusive drag coefficient
e Dilatational strain due to water phase change
e Elastic strain of the matrix
eyol Volumetric strain of the matrix
E Young’s modulus
F(T) Mass fraction of frozen tissue in mushy state [11]
Khyd Hydraulic conductivity
Kt Thermal conductivity
L Latent heat of fusion for the fluid
p Hydrostatic pressure
T Temperature
Tret Reference temperature (0°C = 273 K)
Troom Room temperature (20°C = 293 K)
u Displacement of solid tissue matrix
v Fluid velocity
X(t) Instantaneous location of the freezing front at time ¢
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A) A diagram illustrating the experimental setup used by Teo et al [33] to measure the ET’s

response to directional freeze by employing the CID technique. B) Experimentally measured

temperature profiles recorded on either side of the ET across the gap [37].
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Temperature dependent material properties: a 7 (thermal expansion coefficient), cp (Specific
heat at constant pressure), ¢, (Effective specific heat accounting for latent heat), p (density),
£ (Young’s modulus), F~(7)(Mass fraction of frozen tissue in mushy state), K,y (Hydraulic

conductivity) and K7 (thermal conductivity).
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Fig. 3.
Model-predicted (in red) and experimentally determined (in blue) [33] locations of the
freezing front at different time steps.
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A1) Contours showing model predicted 3D dilatation rate in the ET when the freezing front
is at location x=1 mm, A2) x=2 mm, and A3) x=4 mm. B1) 2D Contour of dilatation rate
at the upper surface of the ET when the freezing front is at location x=1 mm, and B2) x= 2
mm, and B3) x= 4 mm. C1) Contours showing measurement of 2D dilatation rate derived
using CID [33] when the freezing front is at location x=1 mm, C2) x=2 mm, and C3) at
location x=4 mm. Reference line over Al, A2 and A3 and that across B1-C1, B2-C2 and
B3-C3 pairs are to highlight the instantaneous location of the freezing front between
modeling predication and measurement.
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Fig. 5.

Deformation rates calculated from simulation (solid line) and derived using CID (dotted
line) [33] taken from the top surface of the TE when the freezing front is located at 1,000
(blue), 2,000 (red), and 3,000 (green) wm, or 1, 2, 3 mm, respectively. The corresponding
time steps are 85, 140 and 215 seconds.

J Biomech Eng. Author manuscript; available in PMC 2013 June 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Wright et al. Page 23

A B c v
t=285sec t=140 sec t=310 sec
2 mm 4 mm 2 mm 4 mm 2mm___4mm 1
\ \ \ \ \ \ i
Z Z, l
= = % 4
= .
= Z z 2z :%
i 2l
um/s
Fig. 6.

Fluid velocity vector plots when the freezing front is at location A) x=1 mm, B) x=2 mm,
and C) x=4 mm, respectively
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Model-predicted instantaneous fluid volume fractions in the Et when the freezing front
location is at A) x=1 mm, B) x=2 mm, and C) x=4 mm, respectively. Note that the initial

volume fraction is ¢ (x, y, z t=0) = 0.914
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Volumetric strains in the ET when the freezing front is at location A) x =1 mm, B) x =2

mm, and C) x =4 mm, respectively.
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The first principal stress in the ET when the freezing front is at location A) x=2 mm, and
B) x=4 mm. The third principal stress when the freezing front is at location C) x=2 mm,
and D) x=4 mm.
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Fig. 10.

2D profiles taken from the upper surface of the ET when the freezing front is at location x =
2 mm (t = 140 sec): A) dilatational rate, B) x-deformation rate, C) fluid velocity, and D)
normalized fluid volume fraction with ¢ 7(¢= 0) = 0.914 as the normalization factor. To aid
in visualizing the alternating response, vertical broken lines were added to highlight the four
successive regions labeled as E1 (primary expansion), C1 (primary compression), E2
(secondary expansion), and C2 (secondary compression).
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Physical properties and parameters used in the current model
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Notation Values Sources
ar Thermal expansion coefficient [2/K] 1.5e-5(7.323 +0.04344 T+6.105 | [11]
e-5 7)) if T<263 K
Vary linearly if 263K < T <272.53
K
7.323e-5if 7227253 K
cr Energy transfer/unit mass associated with 0if 7270 K [11]
latent heat [J/kg K] i i
140,000 if 2705 K= T <, 2725 K . Magnitude of L.
0if 72273 K . Adjusted mushy zone
* Integration over mushy zone
sums to L (latent heat change
during freeze/thaw)
¢ Specific heat [Jkg K] 2,0995if T<270 K [11]
i . Adjusted mushy zone.
Vary linearly if 270 K < T <273 K
4,194.7if T2273 K
E Young’s modulus /Paj 229e8if T<270 K [11]
Vary linearly if 270K < T <273 K a.  Adjusted mushy zone.
229e5if T2273 K b.  Decreased magnitude (gel is
softer than tissue.)
F Mass fraction of frozen portion of tissue 1if 7270 K [11]
i . Adjusted mushy zone.
Vary linearly if 270 K < T <273 K
0if 72273 K
Khyd Hydraulic conductivity [#7/Ns] ~0if 75270 K [29]
i . Adjusted to zero fluid flow in frozen
Vary linearly if 270 K < T <273 K | region.
75e-15if T2273 K
Kr Thermal conductivity [W/m° C] 2if T<270 K [11]
. . Adjusted mushy zone.
Vary linearly if 270K < T <273 K
0.62if 72273 K
P Density [kg/m°] 921if T<270 K [11]
. . Adjusted mushy zone.
Vary linearly if 270 K < T <273 K
999 if 72273 K
o'(t=0) | Initial porosity | 0.914 | [38]
Trer | Reference temperature /K7 | 2713 K | Temp at which phase change starts
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