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Abstract Because of the avascular nature of adult cartilage,
nutrients and waste products are transported to and from the
chondrocytes by diffusion and convection through the extra-
cellular matrix. The convective interstitial fluid flow within
and around chondrocytes is poorly understood. This theoret-
ical study demonstrates that the incorporation of a semi-per-
meable membrane when modeling the chondrocyte leads to
the following findings: under mechanical loading of an iso-
lated chondrocyte the intracellular fluid pressure is on the
order of tens of Pascals and the transmembrane fluid outflow,
on the order of picometers per second, takes several days to
subside; consequently, the chondrocyte behaves practically
as an incompressible solid whenever the loading duration
is on the order of minutes or hours. When embedded in its
extracellular matrix (ECM), the chondrocyte response is sub-
stantially different. Mechanical loading of the tissue leads to
a fluid pressure difference between intracellular and extra-
cellular compartments on the order of tens of kilopascals and
the transmembrane outflow, on the order of a nanometer per
second, subsides in about 1 h. The volume of the chondrocyte
decreases concomitantly with that of the ECM. The intersti-
tial fluid flow in the extracellular matrix is directed around
the cell, with peak values on the order of tens of nanometers
per second. The viscous fluid shear stress acting on the cell
surface is several orders of magnitude smaller than the solid
matrix shear stresses resulting from the ECM deformation.
These results provide new insight toward our understanding
of water transport in chondrocytes.
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1 Introduction

Chondrocytes regulate the metabolism of articular cartilage.
Because of the avascular nature of adult cartilage, nutrients
and waste products are transported to and from the chondro-
cytes by diffusion and convection through the extracellular
matrix (ECM). The convective process is typically driven by
mechanical loading of the articular layers, which enhances
the flow of interstitial fluid within the tissue (Mauck et al.
2003; O’Hara et al. 1990). This interstitial fluid consists
mainly of water, which constitutes between 68 and 85% of
the wet weight of adult cartilage (Maroudas 1979; Mow et al.
2005). The transport of interstitial fluid through cartilage has
long been established from permeation experiments (Man-
sour and Mow 1976; Maroudas and Bullough 1968; Stock-
well and Barnett 1964) or from measurements of the net loss
of tissue weight under prolonged loading (Maroudas et al.
1985). A more detailed examination of fluid flow patterns un-
der various loading configurations has been estimated from
theoretical and computational analyses which account for the
porous-hydrated nature of cartilage (Ateshian et al. 1994;
Ateshian and Wang 1995; Hou et al. 1992; Mow and Man-
sour 1977; Spilker et al. 1992). Most of these models are
concerned with the fluid flow profile within the ECM and do
not explicitly incorporate chondrocytes.

It is known from experimental measurements that water
transports into and out of chondrocytes, as observed from
volume changes resulting from osmotic loading of isolated
cells (Guilak 2000; McGann et al. 1988; Xu et al. 2003)
or prolonged mechanical compression of cartilage explants
(Guilak et al. 1995). It is less clear whether chondrocytes
‘attract’ interstitial fluid flow streamlines toward them, or
‘repel’ the streamlines around them. Computational models
of the chondrocyte in its pericellular matrix have focused on
the deformation, stresses and fluid pressure induced by load-
ing, rather than interstitial fluid flow profiles (Bachrach et
al. 1995; Guilak and Mow 2000; Wu et al. 1999; Wu and
Herzog 2000). These computational models have described
the cell and its ECM as mixtures of a solid matrix, interstitial
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fluid, and in some cases, ions, but the semi-permeable nature
of the cell membrane has not yet been incorporated in these
analyses.

Conversely, investigations of the response of chondro-
cytes to osmotic loading have modeled the cell as a fluid-
filled semi-permeable membrane, yielding measurements of
the membrane permeability to water and various osmolytes
(McGann et al. 1988; Xu et al. 2003). However, these anal-
yses did not address mechanical loading of chondrocytes,
whether isolated or in situ.

The objectives of this theoretical study are twofold. First,
the semi-permeable nature of the membrane is incorporated
into a refined model of the chondrocyte, to account for its
role in regulating water transport into and out of the cell,
using membrane permeability values determined from os-
motic loading measurements. This model is used to predict
the response of the isolated chondrocyte to unconfined com-
pression and these predictions are used to interpret experi-
mental results reported in the recent literature. The associated
hypothesis is that the water loss during mechanical loading of
chondrocytes is negligible under most testing configurations.

The second objective is to model the cell and its surround-
ing semi-permeable membrane under in situ loading condi-
tions, embedded within the ECM or within agarose gel. The
associated hypothesis is that the interstitial fluid flows around
the chondrocyte, not into it, as a result of the lower permeabil-
ity of its membrane relative to that of the surrounding matrix
or gel. These analyses aim to unify the disparate modeling
approaches adopted in the literature, where the chondrocyte
is variably modeled as a porous-permeable gel with no sur-
rounding membrane, as an incompressible viscoelastic solid,
or as a fluid-filled semi-permeable membrane. They also aim
to clarify the pattern of water transport in and around chon-
drocytes.

2 Theoretical framework

Many levels of theoretical refinement are possible when mod-
eling cells. For the purpose of the current analysis, the chon-
drocyte is modeled as a homogeneous gel, representing the
protoplasm (cytoplasm, cytoskeleton, and all enclosed organ-
elles), surrounded by a membrane which is permeable to wa-
ter and certain solutes, but not to ions. In this treatment, which
focuses on mechanical loading of the cell, the protoplasm is
modeled as a mixture of a solid matrix and interstitial wa-
ter. For simplicity, ions and other solutes present inside and
outside the cell are not considered, since this study does not
specifically address chondrocyte osmotic loading (Ateshian
et al. 2006, in press).

The governing equations for the mixture of a solid and a
fluid constituent are given by (Mow et al. 1980)

div(v* +w) =0 (1)
2)

—gradp + dive® =0 3)

w = —kgradp

where v* is the solid matrix velocity, w is the volumetric flux
of fluid relative to the solid, p is the fluid pressure, o° is
the effective (or elastic) stress, and k is the hydraulic perme-
ability of the solid matrix. The first of these equations is the
conservation of mass relation for the mixture; the second is a
consequence of the conservation of momentum for the fluid
constituent, and reduces to Darcy’s law; the last equation is
the conservation of momentum for the mixture. For a linear
isotropic elastic solid matrix,

0° = As(rtE)I + 2psE €]

where E is the infinitesimal strain tensor and Ag, |Lg are the

Lamé constants of the solid matrix. The strain is related to the

solid matrix displacement u through E= (gradu + gradTu) / 2,
whereas the solid velocity is given by v = DSu / Dt =~

ou / at, where D’ / Dt represents the material derivative with

respect to the solid matrix.

The equations of mixture theory can easily be reduced to
the case of a membrane (Ateshian et al. 2006, in Press). The
fluid flux normal to a membrane of unit outward normal n is
given by

wp =W-n=—kygradp -n

where kp, is the membrane hydraulic permeability. For a thin
membrane of thickness &y, the pressure gradient normal to
the membrane is given by

Ap
—gradp -n~ —

hm
where Ap = p(x) — p(x + hy,) is the upstream-to-down-
stream pressure difference and x represents the coordinate
direction along n. Thus

wy = LpAp (%)
where
km
L,=— 6
PE g (6)

is the membrane hydraulic conductivity.

3 Unconfined compression of isolated chondrocytes

We now model unconfined compression of a chondrocyte,
in analogy to the recent experimental study of Leipzig and
Athanasiou (2005). When compressed between two friction-
less impermeable loading platens, it is assumed that the cell
takes the form of a cylindrical disk surrounded by a semi-
permeable membrane (Fig. 1). The membrane is assumed to
have negligible tensile stiffness so that the primary contribu-
tion to the cell stiffness results from the protoplasm. The fluid
flow only occurs in the radial direction, while the axial strain
is uniform. For this unconfined compression configuration
the dependent variables are p(r, 1), u,(r, t), e,(t) = auz/az,
where ¢, = E; is the axial normal strain. Thus the governing
Eqgs. (1)—(4) reduce to
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Fig. 1 Unconfined compression of isolated chondrocyte with rigid
impermeable frictionless loading platens. Under a sufficiently large tare
strain the cell is assumed to take a nearly cylindrical shape. The proto-
plasm and membrane have different water transport properties
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where Hp = A + 2Ju¢ is the aggregate modulus. Integrating
(7) with respect to » and making use of the boundary condi-
tion of zero radial displacement along the centerline yields

ouy

r,
wy = =2 e ), (10)
2
Combining these relations produces the partial differential
equation

92 19 1 9 1
o o I o= _léz(t)-

ar2 12 Hak 8t  Hak2

The boundary conditions require that the radial displacement
reduce to zero at the center,

ur(0,1) =0,

(11

;Br

12)

the total normal radial stress at the radial edge r is equal to
Zero,

—p(ro, 1) + As[li(rur) + Sz(t):|
ror r=ro

+21s =0, 13)

or

r=rg

and the ambient pressure at the radial edge is zero, which
combines with (2) and (5) to yield

0
Lop(ro.t) = wy (ro. 1) = —k 2

ar (14)

r=rq

Combining (13) and (14) produces the boundary condition

10
+ As [__(rur) + gz(t):|
r=ro ror

r=ro

=0

r=rq

(15)

ar

We can consider two limiting cases which simplify the
analysis of this problem. In the first case, we can assume that
the membrane permeability is much greater than the proto-
plasm permeability, which implies that the membrane offers
negligible resistance to fluid flow compared to the proto-
plasm. This is equivalent to letting roLp/k > 1 in (15),
which yields the governing equations for unconfined com-
pression of a biphasic disk, the solution of which is given
by Armstrong et al. (1984). Leipzig and Athanasiou (2005)
have shown that this type of model does not yield a good fit
of the experimental response of chondrocytes to unconfined
compression creep, which concurs with our intuitive physi-
cal perspective (and the established dogma in cell biophysics)
that this limiting case is not realistic.

The second case considers the opposite limit where we
assume that the resistance to fluid flow across the membrane
is much greater than in the protoplasm, roL,/k < 1. Then,
multiplying (11) with roL, and neglecting terms with the
coefficient roLp/ k, we get

9%u, 10u, wu, 010
s PP Rl ——(ru;) | =0.

r or
The solution to this ordinary differential equation is

roor

(16)

where ¢, = E,, is the radial normal strain. This shows that,
under this limiting condition, the radial normal strain in the
protoplasm is uniform. Substituting this result into (9) shows
that the pressure is also uniform, p = p(#). Combining (10),
(13), (14) and (16) yields

u, = & (r

Te |:ér(t) + %éz(t)] + &) +ve(t) =0 (17)
where
T, = m (18)

HpL,
and v is Poisson’s ratio of the solid matrix of the protoplasm,
related to Ag and pg via Ay = 2ugv /(1 — 2v).

The axial normal stress o, (¢) acting on the loading platens
is given by
o (t) _ p(t)
Hx Hx
To get the pressure, we use (13) which yields
p) & (1) +ve (1)

2v
+ er (1) + &,(2).
1—v

Hp 1—v (19)
so that

oz (t) 1—2v B

= Ty [0 e O] (20)

These equations can be solved for o, () given &,(¢) (stress-
relaxation problem), or for ¢, (¢) given o, (¢) (creep problem),
as shown next.
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3.1 Stress-relaxation

For stress-relaxation in response to a step strain of magnitude

&0, where ¢,(t) = egH (), (17) reduces to
Teér (1) + &7 (1) + veg = 0. (21)

The solution to this equation, subject to the initial condi-
tion that the instantaneous volume change is zero, 2¢, (0*) +

e-(07) =26,(0%) + 60 =0, is

1-2
e(t) = — [v + %e_’/“] £0. (22)
The axial stress (20) is then given by
o, (1) — |1 (1 _Zv)e_;/fg €0
Ey 2(1 +v)
_ [1 _ (1 - T—”)e_’/f£:| o0 23)
Te

where Young’s modulus EY is related to the aggregate mod-
ulus via

_Aand =2

E
Y 1—v

(24)
and 1, is given in (31) below. The dilatation (relative change
in volume) is given by

e(t) =2¢&-(t) +e,(t) = (1 —2v) (1 — e_’/fs) €0 (25)

and the fluid pressure inside the cell can be determined from
(19) and (22),

EY —[/r —t/‘L’

)= ———— ¢ = — e, 26
p() 30+ l))eoe Hs€oe (26)
3.2 Creep
For creep in response to o, (t) = oo H (t), (20) yields

=~ ey @7)
& =———+¢

‘ 1—2vHy

which when substituted into (17) produces

St )+ (1 e+ LD % g 28)
—Te& v)e ——=0.

2 " 1—2v Hj

This ordinary differential equation needs to be solved subject
to the initial condition

1—v op
2¢,(07F 0%) =3¢, (0" — =0. 29
60 (0%) +2.(0) = 36,(0%) + 15 2 (9)
The solution is given by
1—-2v _ 0o

r() =— o ) — 30
(1) (v+ 3 © )EY (30)
where

3 3ro(1 =2
o= ot 3nd =2y G1)

2(1+v) 2EYL,

Substituting this result into (27) yields

1—2v 00
H=\(1- —t/t ) L
&.(1) ( 3 € )EY

- [1 - (1 — E)e—f/fa]ﬂ. 32)
Ty Evy
and the dilatation is
e(t) = 2e,(t) +e-(1) = (1 — 2v) (1 — e—’/fv)g—O (33)
Y

The fluid pressure inside the cell is determined from (19),
(30) and (32),

o) _
p) =—=e /7o (34)

3.3 Analysis of response

When modeled as a fluid—solid mixture surrounded by a
semi-permeable membrane, the response of a chondrocyte
to unconfined compression stress-relaxation or creep follows
an exponential profile of the same mathematical form as for a
standard linear solid (Kelvin model), where the time constant
is given by either 7, in (18) or 7, in (31). The equilibrium
response (¢t — oo) for either loading profile is the same
according to (23) and (32), obeying o,(c0) = Eye;(00).
Experimentally, Young’s modulus of chondrocytes has been
determined from either micropipette aspiration (Guilak et al.
1999; Jones et al. 1999), unconfined compression (Leipzig
and Athanasiou 2005), indentation with atomic force micros-
copy (Hung et al. 2001), or compression of cell-seeded aga-
rose constructs (Freeman et al. 1994), yielding consistent
results where Ey is on the order of 1kPa.

The determination of Poisson’s ratio is more problem-
atic in light of the implications of the results of this analy-
sis, as elaborated below. In porous media theories, Poisson’s
ratio may be determined either before fluid has drained from
the medium (‘instantaneous’ Poisson’s ratio), or after it has
drained (‘equilibrium’ Poisson’s ratio). In most porous media
models of soft biological tissues (including the current analy-
sis), the fluid and solid are assumed to be intrinsically incom-
pressible, yielding an instantaneous Poisson’s ratio of 0.5.
The equilibrium Poisson’s ratio, v, is generally less than 0.5.
In fact, if v = 0.5, the implication is that there is no fluid flow
in the porous medium under any loading condition, for exam-
ple as in the case of non-communicating closed pores. (This is
confirmed by the results of (25) and (33) which yield e(¢) =
0 when v = 0.5.) For chondrocytes, v has been estimated
from experimental measurements to be 0.4 by Freeman et al.
(1994) who compressed chondrocytes embedded in agarose
gels, and 0.26 by Shieh and Athanasiou (2005, in press) who
performed unconfined compression of isolated cells. More
recently, Trickey et al. (2006, in press) have reported a value
of 0.37, estimated from micropipette aspiration and release
experiments.

To estimate the time constants 7, and 7,, we require
measures of the membrane hydraulic conductivity. From os-
motic loading experiments on chondrocytes, McGann et al.
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(1988) and Xu et al. (2003) reported values of L, on the order

of 3 x 10~ *m3/Ns at room temperature. Substituting Ey
~ 1kPa, v ~ 0.33, L, ~ 3 x 10~ m3/Ns and rp ~10pum

into (18)and (31), and using (24) yields t, ~42hand t, ~47h.

Smaller values of Poisson’s ratio yield even larger time
constants since the relative volume loss at equilibrium is
larger (Fig. 2a), requiring longer time for fluid to escape;
for example, for v ~ 0, the time constants are 7, ~93h
and 7, ~139h. (From (18) and (31), it can also be deduced
that larger cell sizes, smaller equilibrium compressive moduli
and smaller membrane conductivities would also increase the
time constants for reaching equilibrium.) These are surpris-
ingly elevated time constants, considering that the time con-
stant for chondrocyte volume change under osmotic loading
is more typically on the order of seconds or minutes (McG-
ann et al. 1988; Xu et al. 2003). For compressive strains g of
magnitude ~10%, the peak intracellular fluid pressure can be
estimated from (26) to range from ~40 to 50 Pa (Fig. 2b). The
peak transmembrane fluid flux can be determined by substi-
tuting this value into (5), with the extracellular pressure equal
to zero (ambient conditions) to yield w,, ~ 1.2 — 1.5pm/s.
The obvious implication from this result is that there is
very little fluid flow out of an isolated chondrocyte under
mechanical loading conditions where the loading duration is
on the order of tens of minutes or even a few hours, since
the time constant for significant change in cell volume is on
the order of days. Consequently, despite the fact that the cell
model allows for fluid flow across the membrane, these re-
sults imply that the isolated chondrocyte behaves in practice
as an incompressible solid, under purely mechanical loading.
Thus, Poisson’s ratio measured from mechanical loading of
isolated chondrocytes in experiments which last tens of min-
utes or less is expected to be close to 0.5, even if the true
equilibrium Poisson’s ratio is significantly smaller.

4 Compression of in situ chondrocytes

To investigate water transport and the volume change of chon-
drocytes in situ, we perform a finite element analysis con-
ceptually similar to the study of Guilak and Mow (2000). A
multiscale analysis is performed whereby the chondrocyte is
considered to be embedded within a cylindrical disk of either
cartilage or agarose, which is loaded in confined compression
creep, with a porous indenter loading the top surface (Fig. 3).
The creep response of the whole disk is obtained from the
analytical solution of the biphasic theory. The resulting solu-
tions for the displacement and pressure (Mow et al. 1980) are
applied as boundary conditions on a finite element mesh of
the chondrocyte and its surrounding ECM:

u,(r,z,t) =0 (35)

uy(r, z, 1) 7 2 - L sin(n — (1/2))7(z/ )
MEALLIE AN PR —1
h [h+n2n§( ) (n— (1/2))?

1\? 2HAkt 0o
xexp|—|\n—=) 7°—1t|t —
P " 2 h? Hp

(36)
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Fig. 2 a Cell dilatation (relative change in volume) in the unconfined
compression stress-relaxation response of a chondrocyte. Ey = 1kPa,
v=00r033, Lp =3 x 107¥m3 /Ns, rp = 10 um, g9 = —0.10. b
Intracellular fluid pressure and transmembrane fluid flux for the same
conditions. The fluid flux is proportional to the pressure according to
Eq. (5)

Pz, 1) 2~ ,cos(n—(1/2)m(z/h)
Ha _E;( D n—(1/2)

1 2 zHAk (o)
Xexp|—\n—= ) " —1|—
2 h? Hp

where & is the disk thickness and oy is the applied axial stress.

(37)

4.1 Finite element model

The ECM is modeled as a biphasic disk with Ey = 0.64 MPa,
v =20,and k = 0.6 x 1075 m*Ns for cartilage (Soltz
and Ateshian 2000), and Ey = 10kPa, v = 0, and k =
10~ B m*/N's for 2% agarose (Andarawis et al. 2001; Mauck
et al. 2000). The thickness is # = 1 mm and the chondro-
cyte is taken to be halfway through the thickness of the disk,
z = h/2. A constant compressive stress is applied on the
tissue via the porous indenter, of magnitude o = 64 kPa for
cartilage and oy = 1kPa for agarose.

The cell is modeled as a biphasic protoplasm surrounded
by a semi-permeable membrane, as described above, with
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Fig.3 Confined compression of a cylindrical disk of cartilage. The finite
element analysis considers a chondrocyte located halfway through the
thickness of the disk

Ey = 1kPa, v = 0.33, and k = kgcMm for the protoplasm,
and Ey = EygcMm, V = VEcM, and L = 3 X 10~ m3 /N.s
for the membrane. The chondrocyte radius is o = 10pum
and the local ECM region modeled around the cell extends
50 pm along the radial direction and 50 um above and below
the cell along the axial direction. Because of numerical sta-
bility considerations, the true thickness of the membrane (on
the order of 10nm) cannot be modeled. Instead, a layer of
thin elements (A = 0.1 pm) is used to represent the mem-
brane and the hydraulic permeability ky, of these elements
is set such that it satisfies Eq. (6) for the desired value of
Lp(km =3 x 10~ m*/N's). The validity of this approach
was investigated by creating a similar finite element analysis
for unconfined compression stress-relaxation of an isolated
cell and the solution was verified to follow the theoretical
prediction of (22) and (23).

The axisymmetric finite element mesh consists of eight-
node isoparametric quadrilateral elements, with 3,052 nodes
and 983 elements, created using commercial software (I-deas
NX Series v.11, UGS Corp., Plano, TX, USA). The analysis
is performed using a custom-written finite element code for
biphasic problems (Krishnan et al. 2003) which employs a
displacement—pressure (#—p) formulation (Almeida and Spil-
ker 1997; Wayne et al. 1991). Results are plotted using com-
mercial software (Tecplot 10.0, Tecplot Inc., Bellevue, WA,
USA).

4.2 Analysis of response
4.2.1 Chondrocytes in Cartilage
Upon loading the average fluid pressure in the chondrocyte

is found to exceed the pressure in the surrounding ECM after
the initial load application (Fig. 4a). The peak intracellu-

lar and extracellular fluid pressure are initially equal to the
applied stress, 64 kPa, producing an initial pressure differ-
ence of zero. As time progresses the pressure differential
increases to a peak value of ~11.5kPa before returning to
zero within approximately 1h (Fig. 4b). As a result of this
hyper-pressurization water leaves the chondrocyte at a rate
directly proportional to this pressure difference as predicated
by Eq. (5). The chondrocyte volume concomitantly decreases
with time along with that of the ECM; interestingly, the
chondrocyte dilatation is greater in magnitude than the ECM
dilatation at equilibrium (Fig. 5).

The water flux wy out of the chondrocyte achieves a peak
velocity of ~0.34nm/s (Fig. 4b). This magnitude is consid-
erably smaller than that of the water flux in the ECM, which
achieves peak velocities of 50 nm/s. A plot of the flux vectors
demonstrates that the flow of interstitial fluid goes predomi-
nantly around the chondrocyte (Fig. 6).

When compared with the results of the previous sec-
tion, these findings demonstrate that mechanical loading of
chondrocytes in situ can lead to volume changes at a much
higher rate than for isolated chondrocytes (on the order of
1h in situ versus 2days ex situ). The primary explanation is
that the pressure difference between inside and outside the
cell is much greater for in situ than isolated chondrocytes
(~11.5kPa in situ versus ~0.04kPa ex situ), which causes
a much greater water flux out of the cell according to (5).
Nevertheless, in situ, most of the water transport in cartilage
occurs in the ECM, around the chondrocyte, and not across
the chondrocyte membrane.

4.2.2 Chondrocytes in Agarose

When embedded in agarose, the intracellular pressure of the
chondrocyte remains elevated for the entire 3,600 s duration
of the analysis, whereas the surrounding agarose interstitial
fluid pressure decreases toward zero (Fig. 7a). The corre-
sponding pressure difference rises to 900Pa, producing a
peak transmembrane fluid flux of ~27 pm/s, before starting
to decrease (Fig. 7b). The decrease in cell volume is signifi-
cantly slower than the surrounding agarose, with a negative
dilatation (relative volume reduction) of 2.4% for the chon-
drocyte and 8.5% for the agarose, at 3,600s (Fig. 8). These
results suggest that chondrocytes embedded in agarose be-
have as nearly incompressible inclusions when experiments
are conducted in the time frame of minutes, but begin to ex-
hibit measurable volume changes over the time frame of 1h,
albeit less significant than in cartilage ECM.

5 Discussion

The primary objective of this study was to incorporate the
role of the cell membrane in the study of water transport in
the chondrocyte under mechanical loading. Two loading con-
figurations were used to investigate the mechanical response
of isolated chondrocytes and in situ chondrocytes, which are
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Fig. 4 a Intracellular and pericellular average fluid pressure from the
finite element analysis of a chondrocyte embedded within its extracell-
uar matrix (ECM). b Average fluid pressure difference (cell - ECM) and
average transmembrane fluid flux [proportional to the pressure differ-
ence according to Eq. (5)]

representative of experimental and theoretical analyses re-
ported in the prior literature. To the best of our knowledge,
the role of the membrane in restricting fluid flow into or out
of the mechanically loaded chondrocyte has not been previ-
ously investigated.

The analysis of unconfined compression of an isolated
chondrocyte demonstrates that the magnitude of the fluid
pressure inside the cell is a fraction of the equilibrium mod-
ulus of the protoplasm, on the order of 40 Pa. Consequently
the transmembrane fluid flux, which is proportional to the
difference between intracellular and extracellular pressure,
is very small (~ 1.2pm/s). The loss of fluid from the cell
takes up to 6 days (Fig. 2) and for all practical purposes the
chondrocyte exhibits negligible volume loss and behaves as
an incompressible solid. Analyzing the temporal creep re-
sponse over a shorter period, comparable to the 50 s duration
of unconfined testing of chondrocytes in the study of Leip-
zig and Athanasiou (2005), shows that the present model
predicts an elastic-like response, with undetectable temporal
variation. Yet, the experiments of Leipzig and Athanasiou
show that the creep deformation rises to an equilibrium-like
value with a time constant of 3.2 s. Based on the prediction of
the current study that fluid flow is negligible over such a short
period of time, the transient response measured by Leipzig
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Fig. 5 Intracellular and pericellular average dilatation from the finite
element analysis of a chondrocyte embedded within its ECM

and Athanasiou can be attributed to intrinsic viscoelasticity
of the solid matrix of the protoplasm. Indeed, these authors
found that they could predict the unconfined compression
creep response of chondrocytes successfully with a standard
solid (Kelvin) model. This observation suggests that a refine-
ment to the model of the chondrocyte adopted in the cur-
rent study would be to model the protoplasm as a solid—fluid
mixture where the solid is intrinsically viscoelastic (Tric-
key et al. 2000, in Press), surrounded by a semi-permeable
membrane.

The analysis of unconfined compression of isolated chon-
drocytes can also be extended to infer the cell response to
micropipette aspiration. In a typical experiment, the pressure
difference applied on a chondrocyte during micropipette aspi-
ration is on the order of 0.5 kPa (Jones et al. 1999). Accord-
ing to Eq. (5), using the representative value of L, adopted
throughout this analysis, the predicted transmembrane fluid
flux is w, ~ 15pm/s. For a typical micropipette internal
diameter of 9 um (cross-sectional area of 64 . m2) and a cell
diameter of 20 wm (volume of 4,189 pwm?), the total volume
of water aspirated from inside the cell over a typical exper-
imental duration of 600s is flux x area x time=0.6 um>, or
less than 0.02% of the original cell volume. Consequently,
it is expected from this analysis that the chondrocyte should
exhibit negligible volume loss and behave as an incompress-
ible solid during micropipette aspiration, as indeed has been
assumed in some studies (Haider and Guilak 2000). The time-
dependent response of the aspiration length into the micro-
pipette, which has a characteristic time constant of ~70s in
chondrocytes (Jones et al. 1999; Trickey et al. 2004), would
thus be attributed to intrinsic viscoelasticity of the solid ma-
trix of the protoplasm.

However, this prediction that the chondrocyte volume re-
mains essentially constant during micropipette aspiration is
not supported by the experimental results of Jones et al.
(1999). In experiments where the entire chondrocyte was
aspirated into a micropipette, these authors have reported
that the aspiration induces an instantaneous change in chon-
drocyte volume. For chondrocytes from healthy cartilage,
they reported a volume reduction from 1, 699 wm? prior to
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aspiration down to 1, 507 um? immediately after aspiration;
when measured 600s later, the volume was maintained at
1, 503 wm? . These types of measurements form the basis for
reporting a Poisson’s ratio of ~ 0.37 in the recent study of
Trickey et al. (2006, in Press).

Based on our analysis, the nearly-instantaneous change
in volume reported by Jones et al. cannot be attributed to
water loss from the chondrocyte, because of the low per-
meability of the cell membrane. In fact, the absence of cell
volume change observed over 600 s supports the premise of
the current analysis that there is negligible water transport out
of the cell over such relatively short durations. In contrast,
Trickey et al. (2006, in Press) propose that the nearly-instan-
taneous change in chondrocyte volume upon aspiration can
be attributed to water outflow based on modeling the cell as
a biphasic gel (with no membrane). At this time, it is difficult
to reconcile these contradictory conclusions.

We are thus reduced to consider two other potential expla-
nations for this instantaneous volume change, neither of which
can be verified at this time: (1) the solid matrix of the pro-
toplasm is intrinsically compressible, contrary to the mod-
eling assumption adopted in the current analysis (or that of
Trickey et al.); this implies that the instantaneous Poisson’s
ratio can be less than 0.5. While this explanation is theoret-
ically tenable, it predicates a behavior at the cellular level
which is not observed at the tissue level. From macroscopic
measurements, the solid matrix of cartilage has been shown
to be intrinsically incompressible under pressures as high as
12 MPa (Bachrach et al. 1998); osteoblast-like cells have also
been shown to be intrinsically incompressible under hydro-

static pressurization (Wilkes and Athanasiou 1996) and it
seems unlikely that intracellular components of chondrocytes
should behave differently. (2) The inherent uncertainty in
the measurement of cell volume may yield potentially large
uncertainties in the experimental measurement of Poisson’s
ratio. Using a straightforward error propagation analysis, the
uncertainty in the measurement of the volume V = 4x rg /3
of a sphere is AV = 4nr§Ar0. If the measurement uncer-
tainty for the radius is Arg ~ 0.2 pwm (the resolution reported
by Trickey et al.), this translates into a volume uncertainty
of AV = 138 um? when V = 1,699 pm> (rp = 7.4 pm),
or AV/V = 8%. This uncertainty is only slightly smaller
than the volume difference observed by Jones et al. (1999)
before and after cell aspiration (1, 699 — 1, 507 = 192 pm?).
If the uncertainty in the measurement of rq is further com-
pounded by systematic differences resulting from the seg-
mentation algorithm used to identify the cell boundary out-
side the micropipette, versus using the micropipette diame-
ter for estimating the cell volume after aspiration, as done by
Trickey etal., itis possible that the near-instantaneous change
in volume observed upon aspiration represents a bias error
resulting from the distinct measurement methodologies. We
have no evidence to suggest that the methodology of Jones et
al. (1999) or Trickey et al. (2006, in Press) introduced such
systematic errors; the purpose of this statement is to indi-
cate that the measurement of cell volume inside and outside
the micropipette may be subject to certain assumptions and
uncertainties. In our opinion, the lack of an observable tran-
sient response in the volume of the chondrocyte after it has
been aspirated into the micropipette represents a hint that the
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reported instantaneous volume change cannot be attributed
to water outflow.

In the second analysis of this study, it was found that the
transmembrane transport of water for an in situ chondrocyte
is much more significant than for an isolated chondrocyte.
The reason is that the pressure across the cell membrane is
on the order of 10* Pa under in situ loading, because of the
low permeability of the cell membrane relative to the ECM.
The resulting relatively large transmembrane flux produces a
significant reduction in the chondrocyte volume over a time
scale on the order of 1 h (Fig. 5), and it is no longer possible to
consider that the chondrocyte behaves as an incompressible
viscoelastic solid under in situ conditions. The concomitant
change in cell and ECM volume is consistent with the experi-
mental measurements of Guilak et al. (1995) who reported in
situ chondrocyte volume changes under equilibrium uncon-
fined compression, using confocal microscopy. In their study,
Guilak et al. found that a 15% axial compression of the tis-
sue produced an 18% reduction in cell volume, on average
through the depth. In the current computational analysis, a
10% axial compression of the tissue produced a 14% reduc-
tion in cell volume, suggesting a consistent outcome between
these two studies. The theoretical analyses of Bachrach et al.
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Fig. 8 Intracellular and pericellular average dilatation from the finite
element analysis of a chondrocyte embedded within agarose

(1995) and Wu et al. (1999), who modeled the cell and its
ECM as biphasic materials, reported similar predictions for
the cases where the modulus of the chondrocyte was equal
to or smaller than that of the ECM.

The prediction that the intracellular pressure is signifi-
cantly higher than the extracellular pressure (Fig. 4) was also
noted in the theoretical analyses of Bachrach et al. (1995)
and Wu et al. (1999), because their model, though not includ-
ing a cell membrane, assumed a permeability inside the cell
one to three orders of magnitude smaller than in the ECM.
In contrast, the experimental study of Shin and Athanasiou
(1999) on osteoblast-like cells and the study of Leipzig and
Athanasiou (2005) on chondrocytes, estimated the biphasic
hydraulic permeability of these cells to be three to five orders
of magnitude larger than that of the ECM, whereas Trickey
et al. (2000) estimated it to be on the same order of mag-
nitude as that of the ECM. As discussed by these authors
(Leipzig and Athanasiou 2005; Trickey et al. 2000), these
elevated values for cell protoplasm permeability are neces-
sary for predicting the relatively short time constant (on the
order of tens of seconds) observed under mechanical load-
ing of isolated cells (including cytoindentation, unconfined
compression and micropipette aspiration). Yet, these authors
have found that their experimental data are better fitted by
a standard viscoelastic Kelvin model, which implies that the
observed transient behavior can be better predicted by intrin-
sic viscoelasticity of the protoplasm, rather than flow-depen-
dent viscoelasticity — which is the interpretation that we also
favor.

The results of the finite element analysis demonstrate that
the interstitial fluid flux deflects around the chondrocyte in-
stead of flowing into it, with a peak velocity on the order of
50nm/s tangential to the cell membrane (Fig. 6). This obser-
vation raises the intriguing question of whether interstitial
fluid flow around the chondrocyte generates a significant vis-
cous shear stress which may influence the cell mechanobiolo-
gy (Hung et al. 2000; Smith et al. 2000). The biphasic model
adopted in our analysis does not explicitly incorporate the
viscosity of the interstitial fluid; thus, the shear stress in the
fluid cannot be determined from the finite element solution.
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However, a straightforward derivation akin to that presented
by Hou et al. (1989), where the interstitial fluid viscosity
lf is incorporated into the constitutive formulation, shows
that the fluid shear stress at the cell membrane is given by
T = Weo~/ 1/ k. In this expression, wq is the flux outside of
the boundary layer resulting from the viscosity of the inter-
stitial fluid; in our analysis, it represents the flux tangential to
the cell membrane as determined from the finite element anal-
ysis. With w, = 50nm/s and juf = 1 mPa.s (the viscosity of
water), and using the same value for the ECM permeability k
as in the finite element analysis, the peak fluid shear stress is
7 = 0.065 Pa. In contrast, the shear stress in the pericellular
matrix resulting from the tissue deformation has a peak value
of 55kPa according to the finite element results. This very
large difference emphasizes that fluid shear stresses resulting
from interstitial fluid flow around chondrocytes are entirely
negligible compared to the solid matrix shear stresses result-
ing from the deformation.

The analysis of a chondrocyte embedded in agarose gel
was performed to investigate an experimental model fre-
quently reported in the literature, either for the measurement
of chondrocyte deformation (Freeman et al. 1994; Lee and
Bader 1995) or for the study of cartilage matrix elaboration
and tissue engineering (Buschmann et al. 1992; Mauck et al.
2000). Results show that the chondrocyte volume reduction
inside agarose falls in between the two extreme cases of iso-
lated and in situ chondrocytes. The small relative change in
volume observed in the current analysis is qualitatively con-
sistent with the estimation of a nearly-incompressible Pois-
son ratio of 0.4 by Freeman et al. (1994) at the completion
of their 15 min test.

A potential limitation of this study is that the finite ele-
ment mesh did not reproduce the actual thickness of the cell
membrane, due to the 1,000 fold difference between cell size
(~ 10 wm) and membrane thickness (~ 10nm). The actual
membrane thickness modeled in the finite element analy-
sis was 100 nm and the value of the membrane permeability
was adjusted to yield resistance to transmembrane fluid flux
equivalent to the true membrane thickness. To address this
potential limitation, a finite element analysis of unconfined
compression of an isolated cell was performed using the same
modeling assumptions for the cell membrane, and the solu-
tion was found to be essentially identical to the theoretical
analysis presented in the first part of this study. Therefore, we
feel confident that our finite element modeling approach for
the cell membrane does not adversely effect the conclusions
of this study.

Finally, it should be noted that the analysis of the chondro-
cyte in situ did not account for the effects of osmotic loading
resulting from the increased proteoglycan fixed-charge den-
sity with increasing ECM dilatation. Clearly, the concomitant
increase in the osmolarity of dissolved ions would produce
an additional driving force for the loss of water from the cell.
This mechanism may be investigated in future studies by
taking into account the role of ions and proteoglycan fixed-
charge density.

In summary, this study demonstrates that the incorpo-
ration of a semi-permeable membrane when modeling the
chondrocyte leads to the following conclusions: under mechan-
ical loading of the isolated chondrocyte, the intracellular fluid
pressure is on the order of tens of Pascals and the transmem-
brane fluid outflow, on the order of picometers per second,
takes several days to subside; consequently, the chondrocyte
behaves practically as an incompressible solid whenever the
loading duration is on the order of minutes or hours. When
embedded in its ECM, the chondrocyte response is substan-
tially different. Mechanical loading of the tissue leads to a
fluid pressure difference between intracellular and extracel-
Iular compartments on the order of tens of kilopascals and
the transmembrane outflow, on the order of a nanometer per
second, subsides in about 1 h. The volume of the chondrocyte
decreases concomitantly with that of the ECM. The intersti-
tial fluid flow in the ECM is directed around the cell, with
peak values on the order of tens of nanometers per second.
The viscous fluid shear stress acting on the cell surface is
several orders of magnitude smaller than the solid matrix
shear stresses resulting from the ECM deformation. These re-
sults provide new insight toward our understanding of
water transport in chondrocytes.
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