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Role of Cells in Freezing-
Induced Cell-Fluid-Matrix
Interactions Within Engineered
Tissues
During cryopreservation, ice forms in the extracellular space resulting in freezing-
induced deformation of the tissue, which can be detrimental to the extracellular matrix
(ECM) microstructure. Meanwhile, cells dehydrate through an osmotically driven pro-
cess as the intracellular water is transported to the extracellular space, increasing the
volume of fluid for freezing. Therefore, this study examines the effects of cellular presence
on tissue deformation and investigates the significance of intracellular water transport
and cell-ECM interactions in freezing-induced cell-fluid-matrix interactions. Freezing-
induced deformation characteristics were examined through cell image deformetry (CID)
measurements of collagenous engineered tissues embedded with different concentrations
of MCF7 breast cancer cells versus microspheres as their osmotically inactive counter-
parts. Additionally, the development of a biophysical model relates the freezing-induced
expansion of the tissue due to the cellular water transport and the extracellular freezing
thermodynamics for further verification. The magnitude of the freezing-induced dilatation
was found to be not affected by the cellular water transport for the cell concentrations
considered; however, the deformation patterns for different cell concentrations were dif-
ferent suggesting that cell-matrix interactions may have an effect. It was, therefore, deter-
mined that intracellular water transport during freezing was insignificant at the current
experimental cell concentrations; however, it may be significant at concentrations similar
to native tissue. Finally, the cell-matrix interactions provided mechanical support on the
ECM to minimize the expansion regions in the tissues during freezing.
[DOI: 10.1115/1.4024571]
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Introduction

Cryopreservation can provide long-term storage of various bio-
logical tissues, which has significant impact on tissue engineering
and regenerative medicine. For successful cryopreservation of
tissues, tissue functionality including physical properties such as
mechanical, optical, and transport properties, as well as cellular via-
bility must be maintained. These functional properties are associ-
ated with the microstructure of the extracellular matrix. The ECM
provides the structural architecture for tissues and plays a critical
role in the tissue physiology through cell-matrix interaction and in-
terstitial fluid transport. These functions regulate cell morphology
and growth [1,2] and intercellular signaling [3]. Additionally, the
cell-matrix interaction provides a source of ECM remodeling and
wound healing [4,5]. Thus, the preservation of the ECM microstruc-
ture is critical to successfully cryopreserve functional tissues [6,7].

During cryopreservation, ice formation occurs in both the intra-
cellular and extracellular spaces. This ice formation has been
thought to be a cause of the damage to the cells and the original
ECM microstructure post-thaw. The intracellular ice formation
and its impact on cellular viability have been extensively studied
as reviewed elsewhere [8–11]. Extracellular ice formation has
been examined to quantify the water transport (i.e., cellular dehy-

dration) during freezing and only recently has begun to be studied
for its impact on the physiological structure [6,12–14]. Its impact
on the post-thaw microstructure of tissues and the extent of struc-
tural damage have been examined using magnetic resonance
imaging, multiphoton-induced autofluorescence and second har-
monic generation microscopy, or histological analysis [15–18]. A
few studies reported successful preservation of tissue functional-
ity, including the structure of collagen and elastin in aortic and
pulmonary valves, and electrochemical and biomechanical proper-
ties of articular cartilage [6,19]. However, there are still many
other studies reporting changes of these properties [18,20–22].
Mechanistic understanding of changes in ECM structure during
freezing and thawing is required to address this challenge.

Recent studies have suggested that freezing induces a spatio-
temporal redistribution of interstitial fluid and subsequent ECM
swelling, which contribute to changes in the microstructure of the
ECM [23–25]. A theoretical model based on a poroelastic material
theory was also proposed to correlate the redistribution of intersti-
tial fluid with ECM swelling during freezing [23]. In addition, this
freezing-induced deformation of tissues has been measured by a
new experimental technique, cell image deformetry, using an
engineered tissue construct made up of quantum dot-labeled
human dermal fibroblasts in a collagen matrix [25]. In a later
study, a biophysical mechanism of the cell-fluid-matrix interac-
tion and its effect on freezing-induced deformations were pro-
posed and further studied by changing cell density and the
collagen content of the engineered tissue (ET) [24]. The results
showed that an increase in cell density significantly affected the
rate of deformation during freezing [24].

In the freezing-induced cell-fluid-matrix interaction, cells
were thought to decrease the freezing-induced deformation by
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providing additional mechanical support via cell-matrix adhesion,
while simultaneously increasing deformation by supplying excess
water via osmotic pressure-driven cellular water transport during
freezing. However, the contribution of cell-ECM adhesion or cel-
lular water transport to the freezing-induced tissue deformation
could not be delineated in the previous study [24]. This was
mainly due to active fibroblast-driven ECM remodeling during the
sample preparation, including ECM contraction and collagen syn-
thesis [4,5]. These cell-matrix interactions prior to the freeze/thaw
(F/T) experiments resulted in unintentionally varied ECM micro-
structure and properties. The present study, thus, aims to investi-
gate the significance of these two competing mechanisms in
freezing-induced cell-fluid-matrix interactions. The resulting
understanding will lay a mechanistic groundwork to address cell-
and tissue- specific outcomes of cryopreservation originating from
the extent of cell-ECM adhesion and cellular water transport.

In this study, the effects of the presence of cell-ECM adhesion
and cellular water transport on freezing-induced deformation are
investigated both experimentally and theoretically. Experiments
were conducted with two different types of model engineered tis-
sues: (1) ETs with human breast cancer cells (MCF7) and (2) ETs
with polystyrene beads. The MCF7 cells were selected for this
study because they minimally remodel the ECM including mini-
mal synthesis of collagen [26] and minimal contractile forces on
the ECM, unlike the fibroblast examined previously. The micro-
spheres, whose size was similar to the MCF7 cells, were selected
to simulate osmotically inactive cells without cell-ECM adhesion.
Therefore, it became possible to decouple the effects of cellular
water transport from cell-matrix interactions. Freezing-induced de-
formation characteristics of both ETs were measured by the CID
method during directional freezing and compared to delineate the
significance of cell-ECM adhesion and cellular water transport.

For theoretical analysis, a biophysical model relating the
freezing-induced expansion of the tissue due to the cellular water
transport and the extracellular freezing thermodynamics was
developed. First, the freezing response of MCF7 cells in suspen-
sion was observed by cryomicroscopy, and the membrane perme-
ability parameters were estimated with similar methods used in
previous studies [25,27–29]. In addition, the latent heat release of
the engineered tissue was measured by differential scanning calo-
rimetry (DSC) to estimate the rate and extent of extracellular ice
formation within the ET. Finally, the cellular water transport and
extracellular ice formation data were combined to estimate the
freezing-induced dilatation using the biophysical model. The
model was used to qualitatively verify the results of the CID
experiments and to explore the effects of cellular water transport
at ultrahigh cell concentrations corresponding to native tissues
that were not possible to investigate experimentally.

Materials and Methods

Cell Culture and Reagents. A human breast carcinoma cell
line (MCF7) was maintained in culture medium (DMEM/F12,
Invitrogen, Grand Island, NY) with 5% fetal bovine serum, 2 mM
L-glutamine, 100 lg/ml penicillin/streptomycin, and 10 lg/ml in-
sulin. The MCF7 cells were cultured in 20 ml of supplemented
culture medium in 75 cm2 T-flasks at 37 �C and 5% CO2. Cells
were collected by using 0.05% trypsin and 0.53 mM ethylenedia-
minetetraacetic acid.

The collected cells were labeled with quantum dots (Qtracker
655, Invitrogen, Carlsbad, CA) as shown in Fig. 1 and previously
described in Ref. [25] with adjustment of the cellular uptake incu-
bation time by increasing it to 1 h at 37 �C.

Microspheres (Fluoresbrite
VR

YG Microspheres, Polysciences,
Inc., Warrington, PA), shown in Fig. 1, with a 20 lm diameter
were used as osmotically-inactive and cell-matrix adhesionless
spheres in place of the osmotically-active MCF7 cells.

Engineered Tissues. The quantum dot-labeled cells were sus-
pended in a 2 ml collagen solution made from high concentration

type 1 rat tail collagen (BD Biosciences, Bedford, MA) such that
3 mg/ml was the final collagen concentration as described previ-
ously [25]. The collagen solution contained 10% 10X MEM,
30 mM Hepes, 10 lg/ml penicillin/streptomycin, 2 mM L-
glutamine, 6% fetal bovine serum, and 2.3% 1 N sodium hydrox-
ide with distilled water to make a final volume of 2 ml. The final
cell and microsphere concentrations were such that each collagen
solution contained 2� 105 cells or microspheres/ml for the normal
cellular concentration. Additional cellular concentrations con-
sisted of 4� 105 cells/ml (referred to as doubled cellular concen-
tration) and 8� 105 cells/ml (referred to as quadrupled cellular
concentration). As previously described [25], the collagen solu-
tion was placed in a chamber slide (Lab-Tex II, Nunc, Naperville,
IL) and allowed to polymerize at 37 �C for 1 h. After this, 2 ml of
supplemented medium was added, and the ET was incubated for
24 h before freezing.

Cell Image Deformetry During Freezing. Tissue deformation
during freezing was quantified using the cell image deformetry
technique. As a brief description of the CID method, the ETs with
quantum dot-labeled cells or fluorescent microspheres were frozen
on a temperature-controlled stage with two separately controlled
temperature reservoirs separated by a 6 mm gap. The temperature
reservoirs were maintained at �20 �C and 4 �C to induce a tempera-
ture gradient across the 6 mm gap in the x-direction. During the
induced freezing, successive fluorescence images were obtained
using a fluorescene macro/microscope (MVX10, Olympus, Center
Valley, PA) with 2� magnification. Images were obtained at an
interval of 1 s with a high sensitivity CCD camera (Qimaging
Retiga 2000 R). The images were then cross-correlated with a 10 s
interval and divided into 32� 32 pixel interrogation windows using
DaVis 7.1 software (LaVision) to calculate the deformation rates in
the x and y directions at each window in the image plane. The de-
formation rates were then used to calculate the dilatation as follows:

e ¼ @u

@x
þ @v

@y
(1)

where u and v are the calculated deformation rates (lm/s) in the x
and y directions, respectively.

Fig. 1 MCF7 cells (left column, (a) and (c)) and Fluoresbrite
VR

YG Microspheres (right column (b) and (d)) embedded in engi-
neered tissues. Images (a) (MCF7 cells) and (b) (microspheres)
are imaged with the bright field of a confocal microscope
(Olympus IX71). Images (c) and (d) are fluorescent images, the
MCF7 embedded QDs, (c), imaged with the TRITC filter and the
microspheres, (d), imaged with the FITC filter.
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Measurement of MCF7 Cellular Water Transport Using
Cryomicroscopy. The MCF7 cells in suspension were frozen by
a temperature-controlled stage (Linkam, MDS 600) while being
imaged by a microscope (Olympus, BX 51) equipped with a CCD
camera (Retiga 2000 R). Cell concentrations in this study ranged
from 2� 105 to 1� 106 cells/ml, such that cell-to-cell separation
distances were large (cytocrit< 0.003), and cell concentration was
not expected to have an effect on water transport [30]. In order to
facilitate ice formation within the whole temperature range of in-
terest, the sample was initially cooled to �2 �C, and ice was
seeded by touching the edge of the sample with a liquid nitrogen-
cooled needle. Afterwards, the temperature was raised by
0.9–1.2 �C and kept constant at just below the phase change tem-
perature for 3–5 min to obtain small, round ice crystals in equilib-
rium with the extracellular medium. In the next step, the
temperature was decreased at a controlled rate down to �40 �C.
The cooling rates employed in this study were 5, 10, and 30 �C/
min, which were similar or slightly higher than the cooling rates
observed in the CID experiments (2–8 �C/min). For analysis, the
projected cell area Ap was quantified using image processing soft-
ware (NIH, ImageJ) at selected temperatures. Then the cell vol-
ume V was estimated by assuming spherical geometry and using

the relation: V ¼ 4=3
ffiffiffiffiffiffiffiffiffiffi
A3

p=p
q

. For each cooling rate, 28–81 cells

were analyzed. The osmotically inactive volume of MCF7 was
estimated through an equilibrium cooling procedure, in which the
sample was cooled at a slow rate, i.e., 2 �C/min, to �40 �C while
holding at intermediate temperatures: �5, �10, �15, �20,
�30 �C for 5 min.

Estimation of Membrane Permeability Parameters. The
analysis of MCF7 cellular water transport follows previous stud-
ies, e.g., [28,29,31], that are based on the osmotic water transport
model of Mazur [32] with some modifications by Levin et al.
[33]. Briefly, the rate of change of the cell volume is given by

dV

dt
¼ LpART

�w
ln

ðV � VbÞ
ðV � VbÞ þ ns�s�w

� �
� DHf

R

1

Tref

� 1

T

� �� �
(2)

where the cell membrane permeability to water Lp was assumed
to depend on temperature only, and the temperature dependence
was modeled by the Arrhenius equation as follows:

LpðTÞ ¼ Lpg exp
�ELp

R

1

T
� 1

Tref

� �� �
(3)

The membrane permeability parameters investigated in this study
were Lpg, the membrane permeability at the reference tempera-
ture, and ELp, the activation energy for osmotic water transport

across the membrane. The definitions of the other symbols used in
Eqs. (2) and (3) are provided in Table 1.

In order to estimate the membrane permeability parameters, the
prediction of the model was fitted to the experimental data by non-
linear least-squares curve fitting. As a result, an optimal pair of
parameters ðL�pg;E

�
LpÞ was obtained by minimizing the squared

sum of the difference between the experimental data and the
model prediction. A MATLAB

VR

routine based on the Levenberg–
Marquardt algorithm [34] was used for this purpose.

Measurement of Latent Heat Release by Differential
Scanning Calorimetry. The rate of latent heat release by the
engineered tissue was determined as a function of temperature
using a differential scanning calorimeter (DSC Q200, TA Instru-
ments, New Castle, DE). Engineered tissues were prepared as
described before. Then, gel sections with a diameter of approxi-
mately 2 mm were extracted by a biopsy punch and transferred to
DSC pans. The sample pans were sealed hermetically to avoid
any leakage of volatile components. The resulting sample masses
were 5–6 mg. The sample was initially cooled to �30 �C to nucle-
ate and warmed close to the phase change temperature. Then, the
sample was thermally equilibrated to have only a small amount of
ice crystals. This step ensured the presence of ice growth sites in
the sample prior to freezing and prevented the spontaneous ice
nucleation that would otherwise invalidate the measurements. The
sample was then slowly cooled to �30 �C with a cooling rate of
1 �C/min, which was considered to be reasonably slow enough to
avoid supercooling and approximate thermodynamic equilibrium
conditions. The rate of latent heat release was recorded as ice
formed gradually in the sample. Three (n¼ 3) repetitions were
performed. To account for sensible heat effects and equipment
flaws, a linear baseline was constructed using the data points at
temperatures �20 �C and �25 �C, and extrapolated to the temper-
ature range of interest. The rate of latent heat release was obtained
by subtracting the baseline from the overall DSC signal.

Theoretical Analysis

Determination of the Rate and Extent of Extracellular
Freezing. In order to quantify the extent of extracellular ice
formation, the frozen fraction F was defined as the ratio of the
volume of extracellular fluid that has formed ice to the total vol-
ume of the extracellular fluid

F ¼ Volume of frozen

Total volume of interstitial fluid
(4)

For slow cooling rates, the freezing proceeds close to thermody-
namic equilibrium and both the rate of latent heat release and the
frozen fraction can be considered as functions of temperature

Table 1 Definitions of the symbols used in osmotic water transport equations

Symbol Definition Value Unit

V Cell volume Variable lm3

Vo Initial cell volume 2978 6 127 lm3

Vb Osmotically inactive cell volume (0.31 6 0.02) Vo lm3

A Cell surface area Variable lm2

T Temperature Variable K
Tref Reference temperature 273.15 K
DHf Latent heat of fusion 335 kJ/kg
R Universal gas constant 8.314 J/mol/K
B Cooling rate Variable �C/min
�w Partial molar volume of water 1.8� 1013 lm3/mol
�s Dissociation constant of salt 2 —
ns Number of moles of salt in the cell 3.031� 10-13 mol
Lp Membrane permeability for water Variable lm3/N/s
Lpg Membrane permeability for water at Tref Estimated Parameter lm3/N/s
ELp Activation energy for membrane water transport Estimated Parameter kJ/kg
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only, i.e., q ¼ qðTÞ and F ¼ FðTÞ, respectively. Then the temper-
ature rate of change of the frozen fraction is related to the latent
heat release as follows:

dF

dT
¼ � 1

B

q

Qtotal

where B ¼ � dT

dt

� �
DSC

(5)

Here, q is the time rate of latent heat release measured by the
DSC, and Qtotal is the total amount of latent heat release calculated
by integrating with respect to time. B is the cooling rate imposed
by the DSC on the sample. F was obtained by integrating Eq. (5)
with respect to temperature accordingly. It should be noted that
the analysis was performed by normalizing the DSC measure-
ments with the value of latent heat of fusion (276.4 6 1.4 kJ/kg)
so that the results are independent of the value of latent heat.

Analysis for the Estimation of the Freezing-Induced
Dilatation. This section presents a representative elementary vol-
ume (REV) analysis to describe the freezing- induced dilatation as
a function of extracellular ice formation and cellular dehydration
dynamics. Figure 2 shows a schematic illustration of the REV,
which stands for a small volume representing the whole of the
engineered tissue. States (I) and (II) correspond to times before
and during extracellular freezing, respectively. The ET is com-
posed of cellular and extracellular compartments, as indicated by
subscripts (c) and (ec) in Fig. 2. Each compartment is associated
with a solid (s) part that corresponds to all intracellular solutes,
structures, and organelles in the cell and extracellular solutes and
collagen fibrous network in the extracellular space. Each compart-
ment also has a fluid (fl) part standing for the intracellular and in-
terstitial water surrounding the solid parts. The engineered tissue
is assumed to be fully saturated with the interstitial fluid.

The modeling of the freezing process follows from the follow-
ing reasoning: as ice forms in the extracellular space, cells dehy-
drate and make more water available for extracellular freezing.
Meanwhile, the extracellular space expands increasing the volume
of the REV. Here the effects of intracellular ice formation are not
taken into account. Furthermore, the REV is assumed to be a ma-
terial volume such that no mass flux occurs through its bounda-
ries. Thus, the dilatation is caused by thermodynamic expansion
only, and the redistribution of interstitial fluid due to interstitial
pressure gradients across the ET is neglected in the analysis.
Those assumptions are in accordance with the main purpose of
this model, which is to study the significance of cellular water

transport rather than simulating the spatiotemporal deformation of
the ET.

The frozen fraction can also be expressed in terms of the varia-
bles in Fig. 2 as follows:

F ¼ Vec;frozen

Vec;fl
¼ qice

qfl

Vec;ice

Vec;fl
(6)

where Vec;frozen is the volume of interstitial fluid that undergoes
freezing, Vec;ice is the volume of ice that forms during this process,
and qice and qfl stand for the densities of ice and interstitial fluid
(water), respectively. Furthermore, some portion of the cellular
water becomes available for freezing, as it is excluded to the
extracellular space by cellular dehydration. The volume of this
excess water is represented by Vc;e in Fig. 2.

Using Eq. (6), the volume of the REV at an arbitrary time dur-
ing freezing can be written in terms of the initial (unfrozen) vol-
ume, frozen fraction, and excess water as follows:

VREV ¼ VI
REV þ FðtÞR VI

ec;fl þ Vc;eðtÞ
� �

(7)

where R ¼ qfl=qice � 1 is the relative density difference between
the fluid and ice. Here, it was assumed that the volumes of the
solid parts remain the same during freezing. The superscript (II)
over VREV was dropped for brevity. Thus, the freezing-induced
dilatation of the ET can be determined as follows:

e ¼ 1

VREV

dVREV

dt

¼ R /þ CVeð Þ
1þ R /þ CVeð ÞF

@F

@t
þ RFC

1þ R /þ CVeð ÞF
@Ve

@t
(8)

where / ¼ Vec;fl=VREV

	 
I
is the initial (unfrozen) porosity, C is the

initial cell concentration, and Ve is the amount of water excluded per
cell. As a result, the freezing-induced dilatation is expressed by
Eq. (8) as a function of the tissue properties—initial porosity and cell
concentration—as well as the freezing conditions—frozen fraction,
the rate of ice formation, the amount of water excluded to the extrac-
ellular space from cells, and the rate of this water exclusion [35].

Statistical Analysis. Single factor analysis of variance
(ANOVA) was performed for testing for differences in means of
different experimental groups. Multiple comparisons were per-
formed by the Tukey range test, and the differences were

Fig. 2 Schematic illustration of the representative elementary volume of an engineered tissue.
States (I) and (II) correspond to before and during extracellular freezing. The ET is composed of
cellular (c) and extracellular (ec) compartments. Each compartment has both solid (s) and fluid
(fl) components. As ice forms in the extracellular space, cells dehydrate and make more water
available for extracellular freezing. In the meantime, the extracellular space expands increasing
the volume of the REV.
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considered significant for p< 0.05. All experimental data are pre-
sented in the form: mean 6 standard error of the mean.

Results

Deformation of ETs With Osmotically Active Cells and
Osmotically Inactive Microspheres. Figure 3 depicts the dilata-
tion rates of the normal concentration MCF7 (2� 105 cells/ml)
and microsphere ETs when the freezing interface reaches location
X(t)¼ 2000 lm from the �20 �C platform. As previously
observed [24], there is expansion behind and compression prior to
the frozen interface due to ice formation. The y-averaged defor-
mation rates, in Fig. 4, for both the MCF7 and the microsphere
ETs reach a maximum rate at the interface. Further comparing the
dilatation, Fig. 4, when X(t)¼ 2000 lm and X(t)¼ 4000 lm, the
MCF7 cellular ET had a maximum dilatation of approximately

0.006 s�1 and minimum of approximately �0.002 s�1. As for the
microsphere ETs, the maximum dilatation was approximately
0.005 s�1 and a minimum of �0.002 s�1 with the freezing front at
the same locations. The dilatation rates for the MCF7 cells and
microspheres are thus similar for both expansion as well as com-
pression, differing by approximately 0.001 s�1. However, the dila-
tation has two well-defined expansion peaks for the microsphere
ET compared to normal concentration MCF7, which contains one
maximum peak with the presence of a smaller peak closer to the
maximum peak.

Deformation of ETs With Osmotically Active Cells at
Higher Cellular Concentrations. In order to further understand
the effects of cellular presence within the ET, the cellular con-
centrations were increased to double and quadruple the normal
cellular concentration. The dilatations when X(t)¼ 2000 lm are

Fig. 3 Dilatation (n � 3) of normal MCF7 concentration (a) and microsphere ETs (b) at
X(t) 5 2000 lm

Fig. 4 The y-averaged deformation (top row) and dilatation rates (bottom row) at X(t) 5 2000 lm
and 4000 lm for (a) and (c) the normal MCF7 cell concentration and (b) and (d) the microspheres
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shown in Fig. 5 for both cases. Again, the maximum deformation
rate occurs at the interface, while the dilatation shows expansion
behind the interface due to ice formation and a slight compression
before the interface. Figure 6 plots the y-averaged deformation
rates and dilatation for both the doubled and quadrupled concen-
trations. For X(t)¼ 2000 lm, the maximum dilatation rate is
approximately 0.006 s�1 for both higher cellular concentrations.
This is similar to both the normal concentration and the micro-
spheres, indicating that ET deformation during freezing in all four
cases is the same. Comparing the MCF7 ETs, as the concentration
increased, the overall maximum deformation rate, shown in Figs.
4 and 6, decreases. There are also differences in the shape of the
overall dilatation patterns. First, as the cellular concentration
increased, a noticeable change in the y-averaged dilatation slopes

occurred, as shown Figs. 4 and 6. As the concentration increased,
the y-averaged slopes became higher indicating a thinner region
of dilatation. Further, examining Figs. 4 and 6, there is a loss of
the double expansion peak, shown in both the normal concentra-
tion of MCF7 cells and microspheres, as the cell concentration
increased. Additionally, there is a reduction in the magnitude of
compression in front of the interface at the highest MCF7
concentration.

MCF7 Cellular Water Transport During Freezing. Cellular
dehydration of MCF7 caused by freezing-induced water transport
is presented in Fig. 7. Representative cryomicroscopy images are
shown in Fig. 7(a). The MCF7 cells are initially at osmotic

Fig. 5 Dilatation (n � 3) of doubled MCF7 concentration (a) and quadrupled MCF7 concentra-
tion ETs (b) at X(t) 5 2000 lm

Fig. 6 The deformation (top row) and dilatation rates (bottom row) at X(t) 5 2000 lm and
4000 lm averaged along the y-axis for (a) and (c) the doubled MCF7 cell concentration and (b)
and (d) the quadrupled MCF7 cell concentration

091001-6 / Vol. 135, SEPTEMBER 2013 Transactions of the ASME



equilibrium with the extracellular solution, which contains only a
few small round ice crystals. As the sample is cooled, the ice crys-
tals rapidly grow, and the cells dehydrate significantly to reestab-
lish osmotic equilibrium. The dehydration continues but at a
slower pace as the sample is cooled further to �40 �C. Predictions
and measurements of the change of cell volume with respect to
the isotonic volume with decreasing temperature are shown in
Fig. 7(b). The MCF7 dehydrates significantly for slow cooling
rates: 5 �C/min and 10 �C/min and attains a volume close to the
osmotically inactive cell volume, which was determined to be
Vb ¼ 0:3160:02ð ÞVo by equilibrium cooling experiments. This
value is similar to ones reported for other cell lines [28,36]. For
the 30 �C/min cooling rate, about 10% of the freezable water was
trapped in the cell. The differences in the end volumes observed
for different cooling rates suggest that the resistance to cellular
water transport, which can be considered to originate from the

plasma membrane as well as the cytoplasm, depends on tempera-
ture and/or the cooling rate. Similar results were obtained in previ-
ous studies [28,37].

Extracellular Freezing Thermodynamics of Engineered
Tissues. The freezing thermogram showing the rate of latent heat
release with decreasing temperature is provided in Fig. 8. As
explained in Eqs. (4) and (5), when normalized by the total latent
heat release and integrated with respect to time, this signal gives
the frozen fraction as shown in the same figure. Since the rate and
extent of extracellular ice formation were similar for all groups
(p> 0.05), only the case with microspheres is presented here for
convenience. It can be observed that ice formation is rapid with
more than 80% of the ice forming before the temperature reaches
�5 �C. This observation is consistent with the cryomicroscopy
results showing that a significant portion of the dehydration occurs
within that temperature range.

Theoretical Analysis of Freezing Dilatation of Engineered
Tissues. The directional freezing of engineered tissues results in
a slow freezing process with peak cooling rates less than 6 �C/min
near the cold base (x¼ 0 mm), as shown in Fig. 9. Based on the
temperature profiles, the change in the amount of water in the cell
and the frozen fraction of the extracellular medium with time
were computed for two axial locations, x¼ 2000 and 4000 lm,
and are shown in Fig. 9. The extent of water transport, Fig. 9(b),
is greater for x¼ 2000 lm since that region is exposed to freezing
temperatures for a longer period of time than for x¼ 4000 lm.
The ice formation also occurs faster at x¼ 2000 lm as can be seen
from the slope of the frozen fraction, Fig. 9(c). This is mostly due
to higher cooling rates observed at this location when compared to
x¼ 4000 lm, which is farther away from the cold terminal. This
trend also appears in the estimation of freezing-induced dilatation
that is shown in Fig. 9(d). As the local temperature is below the
phase change temperature, an expansion is predicted with a rate

Fig. 7 Cellular water transport during freezing. (a) Representative cryomicro-
scopy images of MCF7 cells dehydrating during freezing with the cooling rate of
10 �C/min. The locations of cells are indicated by dark arrows. Scale bar is 20 lm
(b) change of cell volume with decreasing temperature for the three cooling rates.
The error bars stand for the standard error of the mean. Solid lines are model pre-
dictions with the optimal membrane permeability parameters.

Fig. 8 Extracellular freezing thermodynamics of engineered
tissues. Rate of latent heat release (solid line) and the frozen
fraction calculated by cumulative integration of the rate of
latent heat release with respect to time (dashed line).
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that increases rapidly, attains a peak, and decreases gradually.
Since both cellular water transport and extracellular ice formation
are favored at locations close to the cold terminal, the engineered
tissue undergoes a more rapid expansion at x¼ 2000 lm than at
x¼ 4000 lm. This result agrees well with the experimental result
shown in Figs. 3–6, in which the maximum dilatation is observed
right after the freezing interface. However, the magnitudes of the
estimated maximum, 0.0015 s�1 at x¼ 2000 lm and 0.0005 s�1 at
x¼ 4000 lm, are significantly smaller than that of the measured
ones, i.e., 0.006 s�1. The estimated dilatation trends for micro-
spheres, and normal, doubled, and quadrupled cell concentrations
were found to be indistinguishable at the scale of Fig. 9(d). This
result is consistent with the observations of the experiments that
none of the groups was significantly different from the others in
terms of the maximum dilatation that occurs behind the freezing
interface.

Figure 10(a) shows the effects of the concentration of cells
and microspheres on estimated freezing-induced dilatation. It is
readily seen that the magnitude of freezing-induced dilatation
remains approximately the same for concentrations less than
2� 107cells=ml but starts to decrease appreciably with further
increase in the concentrations of both cells and microspheres. The
amount of decrease in dilatation with increasing concentrations is
different for the two groups. This distinction, which is solely due
to cellular water transport, was quantified by defining a relative
difference between the dilatation of the cell and microsphere
groups as follows:

De� ¼ ecell � emicrosphere

ecell;max

(9)

where ecell;max stands for the maximum dilatation observed for the
cell group and for a given concentration. Figure 10(b) shows the
variation of De� with temperature at various cell concentrations. It
is noted that the relative contribution of cellular dehydration to
the dilatation becomes larger with increasing concentration, and it
can account for nearly half of the deformation for tissues densely
packed with cells.

Discussion

Deformation of ETs With Osmotically Active Cells and
Osmotically Inactive Microspheres. Since fibroblasts,
employed in the previous studies [24,25], significantly remodel
both the ECM microstructure and macroscopic appearance of the
ETs during the incubation, it is difficult to isolate the two phe-
nomena. While examining the dilatation measurements shown in
Figs. 4 and 6, it was noticed that the maximum dilatation
remained approximately the same regardless of the experimental
group. This indicates that the different groups experience similar
deformations during induced freezing. The similar deformations
in turn suggest that ice formation induced similar strains on the
ETs. However, upon further examination of the dilatation charac-
teristics (Figs. 3 and 5), the overall pattern of dilatation within the
temperature gradient was different for each group. It has been
reported [24] that the magnitude of freezing-induced deformation
increased as the cell concentration increased in engineered dermal
equivalents. Based on the present results, this increase is thought
to be mainly caused by remodeled ECM by fibroblasts. Using the
MCF7 cell line provides a cellular model that limits any cell-
driven matrix remodeling [38] while providing a membrane that

Fig. 9 (a) Temperature measurements obtained at different axial distances from the cold
terminal. The underlying lines are polynomial curve fits that were used in the analysis for the
estimation of freezing-induced dilatation (Pearson coefficient of correlation R2 > 0.99 for each
case). The temporal trends of (b) cellular water transport, (c) extracellular ice formation, and (d)
estimated freezing-induced dilatation at two axial locations, x 5 2000 lm and x 5 4000 lm.
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permits water transport through osmosis. The pattern, not the
magnitude, of the dilatation changed with the MCF7 concentra-
tion or the presence of the osmotically inactive microspheres, sug-
gesting that at these concentrations, water transport from the
intracellular to the extracellular matrix is not significant due to
only a deformation rate decrease of approximately 1 lm/s, as
shown in Fig. 4. However, the pattern changes as the cellular
interaction increases from no interaction with the microspheres to
the highest cellular interaction due to the highest MCF7 cell con-
centration. In particular, the width of the expansion region
decreases leading to a thin, single peak with the disappearance of
the double peak in the dilatation rate as cell concentration is
increased. Two different expansions may be represented by the
double peak, the formation of ice, as well as water transport that
occurs within the mushy zone [39] of the frozen zone during the
cooling process. The reduction of the second peak may be
explained by the cell-matrix interaction present between the
MCF7 cells and ECM, which although limited, may play a role in
confining this expansion as the cellular concentration quadruples.
As the cellular concentration increases, the number of cell-matrix
adhesions and intracellular water available for transport increases
accordingly. Additionally, the increase in cell-matrix interaction
could provide additional support through crosslinks and matrix
remodeling, which may result in the minimization of the second
peak as cell concentration increased. However, as shown by the
theoretical analysis, the cellular concentration used experimen-
tally does not significantly alter tissue deformation, resulting in
the possibility that the cell-matrix adhesions, although limited,
play a role during tissue deformation, either by altering the ECM
microstructure or by the presence of the higher quantities of
MCF7 cells.

The present model is developed to estimate the amount of
excess water by cellular dehydration, which may contribute to the
additional dilatation of the ECM in the frozen region. The results
suggest that the amount of excess water is very small, and subse-
quent additional ECM expansion is also expected to be negligible
at the cell concentrations studied. Moreover, the estimated
freezing-induced dilatation was found to be smaller than the
experimentally measured values. A possible reason for the under-
prediction is that the analysis took into account only the thermo-
dynamic and biophysical factors: extracellular freezing and
cellular water transport, which are thought to be significantly
smaller than the freezing-induced extracellular water transport [25].

The contribution of this interstitial fluid transport to the tissue de-
formation is thought to be dominant at the cell concentrations stud-
ied. Such effects of the spatial water transport on freezing-induced
deformation of ETs has been investigated using a biphasic model
recently [40].

In the present work, the contribution of cellular water transport
is taken into account in freezing-induced tissue mechanics. The
tissue mechanics have been analyzed by elastic [41], viscoelastic
[42], and poroelastic (or multiphasic) [23,40] models. These pre-
vious models involve a coupled set of governing equations corre-
lating macroscopic thermal and mechanical variables without
considering the cellular water transport. The model presented here
can be used in conjunction with these governing equations to
introduce the effect of water transport into those models. This
framework can be further extended in designing cryopreservation
protocols by determining freezing conditions and their subsequent
freezing-induced tissue deformation.

For example, the present model used the temperature variation
and frozen fraction based on experimental measurements. These
variables during a given cryopreservation protocol can also be
obtained by solving the energy conservation equation for the
extracellular fluid

@

@t
qhð Þ þ~v � r qhð Þ ¼ r � krTð Þ (10)

where enthalpy h is defined with respect to a reference state at Tref

as

h ¼ h T;Fð Þ ¼
ðT

Tref

cpdT þ DHf 1� Fð Þ (11)

q is the density, cp is the specific heat, k is the thermal conductiv-
ity, and ~v is the mean velocity of the extracellular fluid. Equation
(11) provides the enthalpy as a function of temperature and frozen
fraction. When the frozen fraction is also explicitly available as a
function of temperature [43], Eqs. (10) and (11) can be solved
simultaneously to obtain the temperature field. Enthalpy methods
that are either uncoupled [44,45] or coupled to biophysical models
of water transport and intracellular ice formation [36] are avail-
able to solve this problem. The temperature field enables predic-
tions of F and Ve as functions of time, which then can be used
together with our model, Eq. (8), to estimate the deformation.

Fig. 10 (a) The variation of estimated freezing-induced dilatation with decreasing temperature
for different concentrations of cells and microspheres. Solid lines correspond to ETs with cells
while dashed lines correspond to ETs with microspheres. (b) The variation of relative difference
of freezing-induced dilatation between the cells versus microsphere ETs with decreasing tem-
perature. Unlike the actual experimental settings, this analysis assumes the sphere diameter to
be the same as the diameter of the MCF7 cells in order to isolate the effects of cellular water
transport from differential size effects.
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Since the present model neglected the movement of extracellu-
lar water across the porous ECM, its prediction could have a mar-
gin of error for engineered tissues as mentioned above. However,
this error is expected to be significantly less for native tissues that
have considerably less hydraulic conductivity than engineered tis-
sues. Therefore, the model can provide a first approximation for
deformation in native tissues and can be useful for investigating
cryopreservation outcomes.

Another inherent assumption in the analysis was that the os-
motic response of MCF7 in the ET was assumed to be similar to
that of MCF7 in suspension. While it has been shown recently
that the freezing response of certain types of adherent cells like
fibroblasts can be affected by their attachment state [46], such
findings may not generalize to MCF7, which has a relative weak
attachment to the surrounding matrix. In that case, the behavior of
MCF7 in ET may be represented by that of MCF7 in suspension
with reasonably good accuracy, possibly with slight
overestimation.

The membrane permeability parameters for MCF7 that were
obtained from the optimal model predictions are summarized in
Table 2. To the best of the authors’ knowledge, this is the first
report of the water transport parameters of MCF7. The magnitude
of the membrane permeability at the reference temperature was
found to be similar to those of many other cell lines including
human dermal fibroblasts [47], LNCaP prostate tumor cells [48],
and oocytes [49,50]. It was also an order of magnitude smaller
than the membrane permeability of rat hepatocytes that are known
to have unusually high membrane permeabilities in accordance
with their metabolic function in liver [31,51]. The activation
energy was found to decrease significantly with increasing cooling
rate. The cooling rate dependence of activation energy suggests
that, in addition to the change in temperature, some mechanistic
elements such as the presence and deformation of the cytoskeleton
might also contribute to the changes in the resistance to cellular
water transport during freezing.

Effect of Cell Concentration and Cellular Water Transport
on the Freezing-Induced Tissue Deformation. Both the experi-
ments and the analysis revealed that neither the concentration of
the cells in the ET nor their osmotic activity produced an impor-
tant effect on the magnitude of dilatation across the ET. However,
this may be significant in native tissues, which have significantly
higher cellular density and a more complex spatial organization
compared to ETs. As an example, the chondrocyte concentration
in the articular cartilage ranges between 1 and 2� 107cells=ml,
which is more than an order of magnitude greater than that of typi-
cal engineered tissues [52,53]. The myocyte content of heart tissue
is even higher with 1� 108cells=ml [54]. Therefore, the effects of
the presence and the osmotic activity of the cells should be con-
sidered for native tissues as well. As the cell (and microsphere)
concentration is increased, although the amount of cellular water
transport increases, the freezing-induced deformation can become
smaller. This can be explained by the fact that, for higher concen-
trations, the cells occupy more space in the tissue, which
decreases the porosity and the relative amount of interstitial fluid.
The reduction in the water content that is available for extracellu-
lar freezing results in a decrease in the freezing-induced deforma-
tion. The differences between the cell and microsphere groups
indicate that the amount of cellular water excluded to the extracel-

lular space becomes appreciable at high cell concentrations, e.g.,
107�108cells=ml. As a result, the cellular water transport is
expected to play a significant role in the freezing-induced defor-
mation of biological tissues.

Relevance to Tissue Cryopreservation. Cooling rate is one of
the key parameters that determine the outcomes of cryopreserva-
tion protocols. Our model provides insight into how cooling rate
affects the tissue deformation depending on the composition and
biophysical characteristics of the tissue. Examination of Eq. (8)
reveals that tissue deformation rate is directly proportional to the
rate of ice formation in the extracellular space @F=@t. In addition,
the magnitude of @F=@t is related to the cooling rate B as follows:

@F

@t

����
���� ¼ @F

@T
� @T

@t

����
���� ¼ B

@F

@T

����
���� (12)

where @F=@T is a function of temperature that has been deter-
mined experimentally in our study. Alternatively a functional rela-
tionship for @F=@T based on a binary phase diagram of
physiological solutions can be found in the literature [43]. Sec-
ondly, tissue porosity / and cell concentration C are the two main
tissue characteristics that appear in Eq. (8), and they are also
expected to be important to the deformation of the tissue.

For the sake of discussion, let us consider two limiting
cases where (i) CVe � /, representing a tissue with low cell con-
tent, and (ii) CVe 	 /, representing a tissue densely packed with
cells. The former is an idealization of engineered tissues con-
sidered in this study (/ > 0:99 and CVe � 1) and the latter is a
case that is well approximated with native tissues. An example of
case (ii) is mammalian liver tissue where / < 0:05 and CVe
0:6
[35].

For case (i), it can be shown that the first term on the right hand
side of Eq. (8) becomes much greater than the second term. There-
fore, the dilatation rate can be approximated by

e’ R/
1þ R/F

@F

@t
when CVe � /ð Þ (13)

where the coefficient of @F=@t becomes a monotonically decreas-
ing function of time during freezing. Considering Eqs. (12) and
(13) together, it is seen that deformation rate is expected to
increase with increasing cooling rate. As a result, a slow cooling
rate is desirable to minimize the freezing-induced deformation of
engineered tissues during cryopreservation.

In case (ii), Eq. (8) becomes,

e’ RC

1þ RCFVe

@ FVð Þe
@t

(14)

Dilatation rate is limited by the rate of water exclusion from the
cells multiplied by the frozen fraction. Therefore, competing
effects of cooling rate on both extracellular ice formation and cel-
lular water transport dynamics are equally important in determin-
ing tissue deformation. In fact, hindrance of water transport by
increased cooling rate can be significant enough to counteract the
effects of increasing cooling rate on extracellular ice formation.
Therefore, for the case of cells with high cell content, it might be
possible that there exists an optimal cooling rate that minimizes
deformation of the tissue during cryopreservation. This optimal
cooling rate depends on the composition of the tissue and cellular
water transport parameters of the cells within.

Conclusion

The present study provides a quantitative and mechanistic
understanding of the role of cells in the freezing-induced cell-
fluid-matrix interactions. Previous studies [23–25] showed the
presence of freezing-induced cell-fluid-matrix interaction but

Table 2 Membrane permeability parameters estimated by the
model

Cooling rate (�C/min) Lpg (1013 m3/N�s) ELp (kJ/mol)

5 0.430 239
10 0.472 184
30 0.306 103
Mean 0.403 6 0.050 175 6 39
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could not delineate the role of cells since the cells can either sup-
press the freezing-induced deformation by strengthening the ma-
trix via cell-matrix adhesion, or augment it by providing excess
water via dehydration. Based on the experimental and modeling
results of the present study, it was found that cells increase the
strength of the matrix via cell-matrix adhesion at the cell concen-
trations relevant to engineered tissues, but the effects of cellular
water transport become significant as the concentration
approaches that of native tissues. These findings will be useful to
tissue-type, specifically design, and modify cryopreservation pro-
tocols for various types of tissues.
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