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Abstract

Mechanical loading is essential for the homeostasis of articular cartilage and may be necessary for achieving functional tissue
engineered cartilage repair using isolated cells seeded in scaffolds such as alginate. Chondrocyte mechanotransduction is poorly
understood, but may involve cell deformation and associated distortion of intracellular organelles. The present study used confocal
microscopy to examine cell and nucleus morphology in isolated chondrocytes compressed in alginate constructs. Compression of 2%
alginate resulted in cell deformation from a spherical to an oblate ellipsoid morphology with conservation of cell volume. Cell
deformation was associated with deformation, to a lesser degree, of the nucleus. Despite constant cell deformation over a 25 min period of
static compression, the nucleus deformation reduced significantly, particularly in the axis perpendicular to the applied compression.
Constructs made of a lower alginate concentration exhibited a reduced compressive modulus with an altered cellular response to
compression. In 1.2% alginate, compression resulted in cell deformation which was initially of a similar magnitude to that in 2% alginate
but subsequently reduced over a 60 min period reflecting the viscoelastic behaviour of the gel. This phenomenon enabled the calculation
of a stress—strain relationship for the cell with an estimated Young’s modulus value of approx. 3 kPa. © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

One tissue engineering strategy widely proposed for the
repair of articular cartilage defects involves seeding iso-
lated chondrocytes within biodegradable 3D scaffolds [1-
3]. For this approach to be successful it may be necessary
to stimulate the cells so that they rapidly elaborate a me-
chanically functional cartilaginous matrix. Recent studies
have suggested that this may be achieved using mechanical
loading, which is essential for the health and homeostasis
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of articular cartilage in vivo [4,5]. The process by which
mechanical loading influences the metabolism of the chon-
drocytes and their synthesis of extracellular matrix is
termed mechanotransduction. Physiological levels of stress
applied to cartilage explants result in compression of the
cartilage, by up to 20%, and associated deformation of the
chondrocytes and their internal organelles [6-8]. The me-
chanotransduction pathways within cartilage remain un-
clear but may involve cell and nucleus deformation, hy-
drostatic pressure, electrical streaming potentials and
changes in pH and osmotic pressure [9-11].
Mechanotransduction also occurs in isolated chondro-
cytes compressed in 3D scaffolds including agarose gel
[5,12,13] and alginate gel [14]. Alginate, which is isolated
from seaweed, is a negatively charged linear polysaccha-
ride consisting of B-pD-mannuronic acid and o-L-glucuronic
acid [15]. In the presence of cations such as calcium, algi-
nate polymerises to form a non-toxic hydrogel. Whilst
agarose has been used primarily as a model system for
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investigating mechanotransduction in isolated cells, algi-
nate gel is widely proposed as a suitable scaffold compo-
nent for tissue engineered cartilage repair [16-19]. There is
therefore increasing interest in the influence of mechanical
loading on isolated chondrocytes in alginate scaffolds. In
order to understand and optimise any mechanical condi-
tioning of isolated chondrocytes in alginate it is necessary
to determine the influence of compression on potential
signalling events.

The aim of the present study was, therefore, to quantify
cell and nucleus deformation in compressed alginate con-
structs. Due to the viscoelastic nature of the system and
the possibility of active remodelling, the study examined
both the initial deformation and any subsequent changes
in morphology during prolonged static compression. The
relationship between cell deformation and alginate concen-
tration was also examined by measuring temporal changes
in cell deformation in both 2% and 1.2% alginate con-
structs.

2. Materials and methods
2.1. Preparation of chondrocyte—alginate constructs

Articular chondrocytes were isolated from the metacar-
pal-phalangeal joint of 18 month old steers using a well
characterised sequential enzymatic digestion procedure
with pronase (700 units ml~!, BDH, Poole, UK) and col-
lagenase type XI (100 units ml~!, Sigma, Poole, UK) [20].
The isolated cells were washed and resuspended in Dul-
becco’s minimal essential medium supplemented with 20%
fetal calf serum (DMEM+20% FCS, Gibco, Paisley, UK).
Other medium additives were streptomycin (5 mg ml™!), L-
glutamine (2 uM), HEPES (20 mM) and vr-ascorbic acid
(0.85 mM) (all supplied by Gibco).

GMB low viscosity alginate gel (Kelco) was prepared in
Earle’s balanced salt solution (EBSS, Gibco) at twice the
required final concentration and sterilised by autoclaving.
Equal volumes of cell suspension and alginate solution
were mixed together to yield a final alginate concentration
of 2% (w/v) with a cell density of 4 X 10° cells ml~!. The
cell-alginate suspension was poured into 10 mm diameter
dialysing tubes (Spectrum Labs), which were immersed in
100 mM CaCl, in DMEM+20% FCS at 37°C for 90 min.
The dialysing tubes were subsequently opened and the
cell-alginate cut, using a series of parallel razor blades,
into individual cores, 10 mm in diameter and 5 mm in
height. The cores were secondarily cross-linked for 15
min at 37°C in DMEM+20% FCS supplemented with
100 mM CacCl,. Cores were then maintained for approx.
20 h in DMEM+20% FCS within a humidified tissue cul-
ture incubator controlled at 37°C and 5% CO,. Immedi-
ately prior to analysis of cell and nucleus morphology or
mechanical testing, the alginate constructs were cut longi-
tudinally into half cores.

2.2. Temporal changes in cell and nucleus morphology in
compressed 2% alginate

Half core cell-alginate constructs (2% w/v) were incu-
bated for 45 min at 37°C in a solution of calcein-AM (5
UM, Molecular Probes, USA) and Hoechst 33258 (5 uM,
Sigma) prepared in DMEM+20% FCS. Individual con-
structs were mounted in a specially designed compression
rig as described in previous studies [20,21]. The compres-
sion rig was placed upon the stage of an inverted micro-
scope (TE200, Nikon, Kingston upon Thames, UK) asso-
ciated with a confocal laser scanning microscope (Noran
Oz, Thermo Microscopes, Bicester, UK). Confocal images
of individual cells and associated nuclei in the central re-
gion of the construct, approx. 100 um from the surface,
were obtained using a X40/0.95 NA objective lens (Ni-
kon). For visualisation of viable cells labelled with cal-
cein-AM, laser excitation was provided at a wavelength
of 488 nm, with fluorescent light detected above a wave-
length of 500 nm. For visualisation of cell nuclei labelled
with Hoechst, an excitation wavelength of 364 nm was
employed with emissions detection above 400 nm.

Individual cells and their nuclei were imaged in an un-
strained construct by making a single confocal section
image bisecting the centre of the cell and a second image
bisecting the centre of the nucleus as previously described
[20]. The position of the centre of the cell or nucleus was
selected by adjusting the position of the focal plane during
real time confocal imaging. A 20% uniaxial compressive
strain was then applied to the construct at a strain rate of
5% s~!, by means of a plunger driven by a computer
controlled stepping linear actuator with a step size of
0.025 mm. Transmitted light microscopy was used to fol-
low the selected cells during the application of compres-
sion to ensure that the same cells were imaged in both the
unstrained and compressed state. The selected cells and
their nuclei were imaged at two time points, approx. 5
min and 25 min after the start of compression. Approx.
5 cells and their nuclei were imaged within each construct.
The procedure was repeated using a new construct on each
occasion, to yield a total sample population of n=30.

The confocal image analysis software (Noran Intervi-
sion, Thermo Microscopes) was used to measure the cell
and nucleus diameter parallel (X) and perpendicular (Y) to
the axis of compression. Measurements were made to a
precision of approx. 1 pixel, equivalent to 0.13 um. The
degree of deformation for both cell and nucleus was quan-
tified in terms of the X and Y diameter strains, defined as
the percentage change from the unstrained state (Appen-
dix, Egs. Al and A2).

Previous studies using an identical loading regime dem-
onstrated that isolated chondrocytes in compressed aga-
rose constructs deformed from a spherical to an oblate
ellipsoid such that for cell diameters X< Y=Z [20,22].
Therefore, in the present study, the equation for the vol-
ume of an oblate ellipsoid was used to calculate the com-
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pression induced percentage change in cell volume based
on X and Y diameter measurements (Appendix, Eq. A4).

Statistical analysis was conducted using parametric Stu-
dent’s -tests for either paired or non-paired data and with
P <0.05 indicating a statistically significant difference.

2.3. Influence of alginate concentration on cell deformation

To investigate the influence of alginate concentration on
cell deformation, both 1.2% (w/v) and 2% (w/v) alginate
half core constructs were prepared in an identical manner
to that described above. Cells were labelled with calcein-
AM and visualised using confocal laser scanning micros-
copy. Confocal section images were made bisecting the
centre of individual cells (n=100) in unstrained alginate
constructs. Individual constructs were then compressed to
20% strain at a strain rate of 5% s~ and a new sample of
cells (n=30) imaged over a 60 min period of static com-
pression. For each cell the time of imaging was recorded
relative to the start of compression as performed in pre-
vious studies [21]. The procedure was repeated using a new
construct each time (n=3) to yield a total sample size of
approx. 100 cells for each alginate concentration. Cell X
and Y diameters were measured and the diameter ratio, X/
Y, calculated for each cell.

2.4. Influence of alginate concentration on mechanical
properties

Cell free 1.2% (w/v) and 2% (w/v) alginate half core
constructs were employed for mechanical characterisation.
Constructs were mounted on a LRX materials testing ma-

chine (Lloyd Instrument, Farnham, UK) in a radially un-
confined configuration between impermeable platens and
hydrated in DMEM+20% FCS. A 20% uniaxial compres-
sive strain was then applied at a strain rate of 5% s~!. The
applied strain was maintained for 60 min with load re-
corded at a sampling frequency of 18 Hz using a 10 N
load cell. The procedure was repeated, using a new con-
struct each time, to produce a total of six specimens for
each alginate concentration. The cross-sectional area of
each construct was measured from a projected image of
a 1 mm thick transverse section cut from each construct
and enlarged approx. X30 using an overhead projector.
The applied load recorded by the load cell was dividing by
the cross-sectional area of the construct to yield the ap-
plied stress.

3. Results

3.1. Temporal changes in cell and nucleus morphology in
compressed 2% alginate

Individual cells and their nuclei in 2% alginate were
imaged 5+1 and 25%*3 (mean*S.E.M.) min after the
start of compression. Representative confocal images of
a single cell and its nucleus in the unstrained state and
at both time points in the compressed state are shown in
Fig. 1. A 20% gross compression resulted in cell deforma-
tion from a spherical to an ellipsoid morphology. This cell
deformation was characterised by a reduction in X diam-
eter of 18.5+0.8% (mean*S.E.M.) and a corresponding
increase in Y diameter of 16.9+1.6%, measured 5 min

Fig. 1. Confocal images of a representative cell (a—c) and its nucleus (d-f) visualised in an unstrained 2% alginate construct (a,d) and after 5 min (b,e)
and 25 min (c,f) of 20% static compression. Cells and nuclei were labeled with calcein-AM and Hoechst respectively. Scale bars indicate 5 pum. The cell

X and Y diameters have been indicated parallel and perpendicular to the axis of compression.



4 M. M. Knight et al.| Biochimica et Biophysica Acta 1570 (2002) 1-8

Time following the
start of compression

H 5 minutes

) _ .
% +4% (ns) ] 25 minutes

201 ‘

3017

-64% (p<0.001)
1

Percentage change in diameter

10 |
154 -16% (p<0.05)
-201
[
-251 +4% (ns)
-30
Xcell Y cell X nucleus Y nucleus

Fig. 2. Compression induced cell and nucleus X and Y diameter strains
in 2% alginate measured 5 and 25 min after the application of 20%
gross compression. Values represent sample means with error bars indi-
cating S.E.M. for n=20 (cell deformation) and n=30 (nucleus deforma-
tion). The mean percentage changes between the two time points and
the statistical significance are given based on the paired data.

after the start of compression (Fig. 2). Deformation oc-
curred with an increase in cell volume of 12.0+3.4%
(mean £ S.E.M.), although this was not statistically signifi-
cant (P >0.05). Cell deformation resulted in a change in
nuclear morphology with a reduction in nucleus X diam-
eter of 7.6+ 0.8% (mean=*S.E.M.) and an associated in-
crease in Y diameter of 3.2 £0.7% (Fig. 2). The nucleus X
and Y diameter strains were substantially less than the
corresponding values for cells, the differences being statis-
tically significant (P < 0.001).

Fig. 2 also indicates the deformation values for cell and
nucleus, after 25 min of static compression. There were no

Cell Diameter Ratio (X/Y)
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Fig. 3. Diameter ratios (X7Y) for isolated chondrocytes in 1.2% (O) and
2% (@) alginate constructs compressed to 20% static strain for a period
of 60 min. Models of the form X/Y=0.0531n(s)+0.71 (r=0.75,
P <0.001) and X/Y=0.0012(1)+0.69, (r=0.33, P>0.05) have been fitted
to the data for 1.2% and 2% alginate, respectively.

statistically significant differences in the cell X and Y di-
ameter strains between the two time points. However,
there were statistically significant reductions in the magni-
tudes of nucleus deformation, with a 16% reduction in X
diameter strain and a 60% reduction in Y diameter strain
(Fig. 2).

3.2. Influence of alginate concentration on cell deformation

In the unstrained state, the isolated cells uniformly
adopted a spherical morphology, as indicated by mean
cell diameter ratios of 0.99 and 0.97 in 1.2% and 2% algi-
nate, respectively. There was no statistically significant
difference in the size of cells in 1.2% and 2% alginate,
with  unstrained diameters of 12.16%1.19 um
(mean +S.D.) and 12.13£1.75 um, respectively.

Fig. 3 indicates the temporal variation in cell diameter
ratios (X/Y) over a 60 min period of 20% gross compres-
sion for samples of cells in both alginate concentrations.
In both cases, compression resulted in an immediate cell
deformation characterised by diameter ratios of approx.
0.70. In 2% alginate there was minimal subsequent change
in the level of cell deformation over a 60 min period of
compression, as reflected by the linear model (r=0.32,
P>0.05). By contrast, in 1.2% alginate there was a
marked increase in diameter ratio, indicating a recovery
in cell deformation, returning towards a more spherical
morphology. The rate of recovery was greatest immedi-
ately following compression but subsequently reduced
(Fig. 3). The nature of this recovery in cell deformation
in 1.2% alginate was modelled by a logarithmic relation-
ship, which was statistically significant (+=0.75,
P <0.001).

3.3. Influence of alginate concentration on mechanical
properties

Both alginate constructs exhibited characteristic visco-

Stress (kPa)

0 T T T T T 1
0 10 20 30 40 50 60

Time following the start of compression (mins.)
Fig. 4. Stress relaxation over a 60 min period of 20% static compression
of 1.2% (O) and 2% (e) alginate constructs. Curves represent the mean
values £ S.D. for n=6.
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Fig. 5. Values of cell X diameter strain converted from cell diameter ra-
tio measurements (Fig. 3) using Eq. A7 (Appendix) and plotted against
the corresponding instantaneous stress values in compressed 1.2% (O)
and 2% (e) alginate constructs (Fig. 4). Trend lines have been superim-
posed based on the curve fit models in Fig. 3, converted to X diameter
strains, and plotted against the corresponding stress values for time,
t=1-60 min. The arrows indicate the temporal changes over a 60 min
period of static 20% compression. The shaded area indicates a threshold
value of approx. 1 kPa, such that above this threshold cell strain is ap-
prox. equal to applied strain and independent of applied stress.

elastic behaviour as shown by the representative stress
relaxation graphs presented in Fig. 4. Following the appli-
cation of the 20% compressive strain, the applied stress
decreased rapidly at first and then more slowly. The relax-
ation moduli measured 60 min after the start of compres-
sion were 0.76 = 0.34 kPa (mean = S.D.) and 3.92+ 0.4 kPa
for 1.2% and 2% alginate, respectively.

4. Discussion

Previous studies have suggested that cell deformation
may be a primary mechanotransduction mechanism for
chondrocytes within intact articular cartilage and isolated
in 3D scaffolds [10-12,23]. The downstream signalling
pathways associated with cell deformation remain unclear,
but may involve mechanosensitive membrane ion channels
and associated changes in intracellular calcium [24-26],
integrins [27], membrane perturbation and the inositol sys-
tem [28], or deformation of intracellular organelles such as
the cytoskeleton, rough endoplasmic reticulum and nu-
cleus [8,29-31]. The direct effect of mechanical forces on
nuclear function is poorly understood, although it has
been suggested that nuclear deformation may influence
nuclear transport and gene expression [10].

Alginate has been proposed as a scaffold component for
tissue engineered cartilage repair due to its similarity to
negatively charged proteoglycan and lack of toxicity
[15,16]. In addition, isolated chondrocytes seeded in algi-
nate gels have been shown to maintain a chondrocytic

phenotype as demonstrated by the synthesis of cartilagi-
nous matrix [32]. However, the mechanotransduction sig-
nalling pathways within cell seeded alginate gels may differ
from those within intact cartilage as well as those within
non-charged hydrogel scaffolds such as agarose. Cell and
nucleus morphologies in unstrained and compressed algi-
nate constructs were examined using confocal microscopy
techniques similar to those used in previous studies [20,33].
Compression of 2% alginate constructs resulted in cell de-
formation characterised by a reduction in X diameter, ap-
proximately equal to the applied strain, and an increase in
Y diameter (Figs. 1 and 2). There was no statistically sig-
nificant change in cell volume, similar to that reported in
agarose [20], but in contrast to the reduction in cell vol-
ume in compressed cartilage explants [6-8]. The behaviour
in cartilage may be due to a reduction in osmotic pressure
caused by compression of the negatively charged extracel-
lular matrix [11]. Although alginate gels are also negatively
charged, they exhibit a limited charged density compared
to that of proteoglycan-rich cartilage matrix. Hence any
compression induced osmotic change in 2% alginate may
be insufficient to elicit a reduction in cell volume. Alter-
natively, the reduction in cell volume in intact cartilage
may be due to the matrix preventing lateral expansion
during compression, such that the resulting intracellular
hydrostatic pressure causes fluid transport across the cell
membrane. This hypothesis is supported by a previous
study in which a 20% reduction in cell X diameter in com-
pressed cartilage was associated with an increase in Y di-
ameter of less than 4% [6], compared to the increase of
16% measured in alginate in the present study.

Cell deformation was associated with deformation of
the nucleus, possibly mediated through cytoskeletal com-
ponents, such as the vimentin intermediate filament net-
work, which form a mechanical link between the cell mem-
brane and the nucleus [30,31,34]. The nucleus diameter
strains were significantly less than those experienced by
the cells, as reported for chondrocytes compressed in aga-
rose constructs [20] and in cartilage explants [7]. These
findings suggest that the nucleus is stiffer than the sur-
rounding cytoplasm, in agreement with a previous pipette
aspiration study, which estimated a modulus value for the
nucleus which was approx. 10 times greater than that of
the chondrocyte [35].

By imaging the same individual chondrocytes and their
nuclei at two time points, approx. 5 and 25 min after the
start of compression, it was possible to examine temporal
changes in cell and nucleus deformation. Despite the con-
stant cell deformation in compressed 2% alginate, there
was a significant temporal recovery in nucleus deformation
in both the X and Y directions (Fig. 2). This recovery in
nuclear morphology may involve nuclear reorganisation
and a reduction in nuclear volume. This behaviour may
be associated with cytoskeletal reorganisation, which has
been shown to occur following deformation of articular
chondrocytes compressed in agarose constructs [36] and
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in cartilage explants [37,38]. However, it remains unclear
whether the changes in nucleus morphology are due to
passive viscoelastic behaviour or active remodelling of
the nucleus and/or the cytoplasmic components.

Previous studies have employed various concentrations
of alginate gel in which to examine the behaviour of chon-
drocytes and the influence of mechanical loading. Two of
the most common alginate concentrations, namely 1.2%
and 2%, were investigated in the present study. Mechan-
ical characterisation was conducted in unconfined uniaxial
compression to simulate the loading regime employed for
analysis of cell deformation. Both concentrations of algi-
nate exhibited time-dependent stress relaxation behaviour,
characteristic of a viscoelastic material (Fig. 4). Unlike the
stress relaxation behaviour of agarose gels in which the
stress reaches an equilibrium after 5-15 min [39], the stress
within both alginate gel concentrations continued to relax
over the 60 min period. Increasing the alginate concentra-
tion increased the moduli of the resulting constructs as
previously reported [40].

The concentration of alginate did not influence either
the shape or the diameter of unstrained chondrocytes.
The regular spherical morphology in the unstrained state
enabled cell deformation during compression to be quan-
tified in terms of a diameter ratio, as adopted in previous
studies [21,33,41]. Cell X and Y diameter strains were cal-
culated from diameter ratios using the equations derived
in the appendix (Appendix, Eqs. A7 and AS).

Compression of both 2% and 1.2% alginate constructs
yielded levels of cell deformation which were initially of a
similar magnitude, with diameter ratios of approx. 0.70
(Fig. 3), equivalent to an X diameter strain of —20%.
However, in contrast to the behaviour in 2% alginate
where cell deformation remained approximately constant,
the magnitude of cell deformation in 1.2% alginate subse-
quently reduced in association with the stress relaxation
exhibited by the alginate (Fig. 4). Thus after 60 min of
static compression the cells were almost spherical, with
diameter ratios of approx. 0.92, equivalent to an X diam-
eter strain of —5% (Fig. 3). Similar recovery in cell defor-
mation has previously been reported for chondrocytes
compressed in 1% [42] and 2% agarose gel [41]. In the
latter study, this behaviour was attributed to an active
cellular response to applied compression. However, this
explanation is unlikely to be true since there is minimal
relaxation of cell deformation when cells are compressed
in stiffer gels such as 2% alginate (Fig. 3) or 3% and 4%
agarose [20-22,26,33,39,42]. Therefore, the reported relax-
ation in cell deformation within 1.2% alginate constructs
appears to be a direct result of the viscoelastic behaviour
of the lower stiffness alginate substrate.

To examine this hypothesis, the cell X diameter strains,
calculated from diameter ratios in 1.2% and 2% alginate
(Fig. 3), were plotted against the instantaneous total stress
in the corresponding alginate using the mean value of six
replicates (Fig. 4). This yielded the stress versus cell strain

relationship shown in Fig. 5. This figure presents the
superimposed trend lines based on the curve fit models
in Fig. 3, converted to X diameter strains, for time,
t =1-60 min. The figure indicates the presence of a thresh-
old stress value at approx. 1 kPa (Fig. 5). Above this stress
threshold, the cell X diameter strain is equal to the applied
compressive strain of 20%. However, below the threshold
the stress generated in the compressed construct is insuffi-
cient to maintain the cell X diameter strain at the 20%
level. Hence, in compressed 1.2% alginate constructs, the
magnitude of cell deformation reduces as the stress in the
alginate relaxes below the 1 kPa threshold (Figs. 3-5). The
precise value of the threshold is dependent on the applied
strain, but the general behaviour is fundamental to all
homogenous scaffolds providing the cell volume fraction
is relatively small.

Within biphasic materials, compression induces both
multidirectional fluid stress and unidirectional solid stress.
Cell strain is a function of solid stress and independent of
fluid stress. We propose that low concentration hydrogels,
such as alginate, behave primarily like viscoelastic solids
with a minimal fluid stress component. Thus the data be-
low the threshold in Fig. 5 represent the stress—strain
properties of the cell with a toe-in region at low strains
followed by a more linear region. This characteristic non-
linear behaviour may be associated with so-called ‘strain
stiffening’ of the cytoskeleton [43,44] or recruitment of
nuclear deformation. A linear model was fitted to the
data corresponding to X diameter strains between 0%
and —15%. The gradient of this linear model represents
an estimate of the Young’s modulus of the cell with a
value of 3.2+ 0.5 kPa. This value is close to the modulus
of 4.0 kPa calculated by Freeman et al. using finite ele-
ment analysis of cell deformation in compressed agarose
[41]. By contrast, the Young’s modulus of isolated chon-
drocytes has previously been estimated at approx. 0.5 kPa
using pipette aspiration techniques [45,46]. However, di-
rect mechanical perturbation techniques such as pipette
aspiration, atomic force microscopy or cell poking provide
localised properties, which may be primarily influenced by
structures closely associated with the cell membrane such
as the cortical actin cytoskeleton, rather than gross me-
chanical properties. Furthermore, the gross cell stiffness
values obtained using these methods are heavily dependent
on the theoretical models used for data interpretation. By
contrast, the method developed in the present study pro-
vides a new and important experimental approach for es-
timating gross cellular mechanical properties during phys-
iological loading in 3D scaffolds. The results suggest that
the gross modulus of isolated chondrocytes is greater than
previous estimates.

In conclusion, this study provides important morpho-
logical and mechanical data, which will assist the under-
standing of how isolated chondrocytes respond to com-
pressive loading within a range of different tissue
engineered cartilage repair systems.
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Appendix. Calculation of cell diameter strain from diameter
ratio X/Y

The suffixes ‘s’ and ‘v’ denote the strained and un-
strained states respectively whilst X and Y represent the
cell diameters measured parallel and perpendicular to the
axis of compression.Cell X diameter strains,

Xs_Xu
=———Xx1009 Al
Ex X, 0 ( )
Y—Y,
£y ==X 100% (A2)

Cell volume — unstrained (X=Y=2)

3
v, = (A3)
6
Cell volume — compressed (X< Y=2)
X, Y?
V= ”T (A4)

In the present study measurements of the same individual
cells in both the unstrained and compressed state indicated
that cell deformation occurred with no statistically signifi-
cant change in cell volume. Thus,

Vy=V; (AS)
By substituting Eqs. A3 and A4 into Eq. AS yields:
Yy=Xy=(X,¥2) (A6)

Substituting Eq. A6 into Egs. Al and A2 yields the fol-
lowing expressions, where Xi/Y; represents the diameter
ratio of the compressed cell:

ey = ((%)2/3—1> X 100% (A7)
ey = <<§)3/2—1> X 100% (A8)
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