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ABSTRACT In this study, two viscoelastic creep expressions for the aspirated length of individual solid-like cells undergoing
micropipette aspiration (MPA) were derived based on our previous studies wherein the cell size relative to the micropipette and
the cell compressibility were taken into account. Next, three mechanical models of MPA, the half-space model (HSM), incom-
pressible sphere model (ICSM), and compressible sphere model (CSM), were employed to fit the MPA data of chondrocytes.
The results indicated that the elastic moduli and viscoelastic parameters of chondrocytes for the ICSM and CSM exhibited signif-
icantly higher values than those from the HSM (p < 0.001) because of the considerations of the geometric parameter (£) and the
compressibility of the cell (v). For the normal chondrocytes, the elastic moduli obtained from the ICSM and CSM (v = 0.3) were
47.4 and 78.9% higher than those from the HSM. In the viscoelasticity, the parameters k;, ko, and u for the ICSM were respec-
tively increased by 37.8, 37.9, and 39.0% compared to those from the HSM, whereas for the CSM (v = 0.3), the above param-
eters were 135, 314, and 257% higher compared to those from the HSM. And with the increase of £ and », the above mechanical
parameters decreased. Furthermore, the thresholds of & varying with » were obtained for the given values of relative errors
caused by the HSM in the elastic and viscoelastic parameters. The above findings obviously indicated that the geometric param-
eter of MPA and the Poisson’s ratio of a cell have marked influences on the determination of cellular mechanical parameters by

MPA and thus should be considered in the pursuit of more accurate investigations of the mechanical properties of cells.

INTRODUCTION

The mechanical properties of cells were found to be closely
related to many important biological behaviors of cells,
including adhesion, migration, differentiation, and deforma-
tion (1-4). The mechanical properties of cells, such as stiff-
ness, nonlinearity, anisotropy, and characteristics of the
cytoskeleton and organelles, have been extensively studied
in the past decades, providing insight into the biological
characteristics of cells (5). For example, the stiffness of a
chondrocyte with respect to that of the surrounding extracel-
lular matrix will affect its mechanical responses (6), which
may in turn modulate its protein synthesis (7). Additionally,
connections are also established between the diseased state
of human cells and their altered cellular mechanical proper-
ties, such as in malaria (8), asthma (9), arthritis (10), and
even cancer (11). Therefore, evaluating the mechanical
properties of cells may potentially lead to the development
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of novel mechanical diagnostic methods for some of these
diseases (12).

In the past decades, a variety of techniques have been
developed to estimate the mechanical properties of single
cells, including unconfined compression (13), atomic force
microscopy (AFM) (14), micropipette aspiration (MPA)
(15), magnetic twisting cytometry (16), and optical trapping
(17). MPA is one of the pioneering techniques in cell me-
chanics and continues to be widely used (18-20). Accurate
quantification of the mechanical properties of living cells re-
quires the combined use of experimental techniques and
theoretical models. In particular, for the MPA of solid-like
cells (cartilage cells, endothelial cells, etc.), a common
method is treating the cell as an incompressible elastic or
viscoelastic semi-infinite body (21,22) (i.e., the so-called
half-space model (HSM)). However, under the premise of
linear constitutive relations and small deformations, the
HSM is still quite different from the actual situation of
MPA in two aspects. First, compared to the inner radius of
a micropipette, the cell size is fairly finite and is generally
on the same order of magnitude. Second, many studies
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have indicated that cells are compressible, with a Poisson’s
ratio varying from 0.2 to 0.4 (23-25) and even reaching
0.069, as reported by Leipzig and Athanasiou (13) for
bovine chondrocytes. Thus, the HSM is inadequate for char-
acterizing the MPA of a spherical cell. A more accurate
model is necessary.

Numerous studies have been carried out in the pursuit
of the accurate determination of cellular mechanical prop-
erties utilizing MPA. Haider and Guilak (26,27) investi-
gated the elastic and viscoelastic responses of cells
during MPA by using the boundary element method in
which the dimension of the cell, the cell boundary curva-
ture, and the cell-micropipette contact, but not the cell
compressibility, were considered. Zhou et al. (28) simu-
lated the MPA of cells by using the standard neo-Hookean
solid model in which three relationships were derived that
neglected the cell compressibility when interpreting the
mechanical parameters of cells. Baaijens et al. (29) deter-
mined the mechanical properties of chondrocytes by using
the finite element method and concluded that the cell
diameter should be greater than three times the inner
pipette diameter to reduce the effect of cell curvature
when employing the HSM, wherein a compressible neo-
Hookean model characterizing the hyperelasticity was
adopted. Bidhendi and Korhonen (25) simulated the
MPA of single cells by using neo-Hookean viscohypere-
lastic incompressible and compressible models to study
the creep behavior of cells, particularly the effect of
compressibility. These previous studies demonstrated
that the aspirated cell length during MPA is closely related
to the compressibility of the cell and the relative dimen-
sion of the cell to the micropipette. Nevertheless, a general
expression of the aspirated length considering the influ-
ences of the size and compressibility of the cell simulta-
neously was not given in the above studies, which
would make it inconvenient or impossible to accurately
analyze the mechanical properties of each type of solid-
like cell by MPA. Spector et al. (30) investigated the de-
formations of cochlear outer hair cell in the MPA in which
the cell was modeled as an elastic and compressible cylin-
drical shell and derived the analytical solution of the aspi-
rated length. Furthermore, on the basis of microstructural
observation, a more accurate model, an orthotropic cylin-
drical shell was developed to characterize the outer hair
cell (31), and then an approximate formula for the length
of the tongue into the pipette during MPA was derived,
which led to an analytical expression for the stiffness
parameter measured in the MPA in terms of Young’s
moduli and Poisson’s ratios of the cell. However, the
works above may be more suitable for the elongated cells
rather than the spherical ones, and all only focused on the
elastic responses of cell. In our previous study (32), an
approximate elastic formula of the aspirated length of a
cell was obtained through theoretical and finite element
analysis in which both the cell size and compressibility
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were considered. Further, the above approximate formula
was verified by the aspiration of foam silicone rubber
spheres with different diameters and mechanical proper-
ties by a self-developed aspiration system (33). The for-
mula could be used as a reference in the accurate
determination of the elastic parameters of solid-like cells
by MPA.

Many studies have indicated that cells are essentially
viscoelastic (i.e., the force and deformation of cells are
time dependent) (34,35). Therefore, the goal of this study
was first to derive the viscoelastic expressions for the aspi-
ration response of a cell based on the approximate elastic
formula obtained in our previous studies (32,33) in which
the size and compressibility of the cell were taken into ac-
count. Second, combined with the experimental data of
MPA for rabbit chondrocytes, differences in mechanical
properties estimated by different mechanical models were
evaluated, with a focus on the influences of the relative
dimension between the cell and the micropipette and the
Poisson’s ratio of the cell on the determination of mechan-
ical parameters. This work was performed to provide
some general formulas as a reference for the viscoelastic
analysis of solid-like cells from MPA data. It should be
pointed out that the aim of this study was to investigate
the changes in mechanical parameters caused by different
mechanical models, whereas the variations in cellular me-
chanical properties caused by different physiological and
medical backgrounds would not be discussed in detail.

MATERIALS AND METHODS
HSM

For the MPA of the spherical solid-like cells, such as chondrocytes and
endothelial cells, the HSM is widely employed to evaluate the mechanical
properties of cells (18-23), wherein the size and compressibility of the cell
were neglected as mentioned above. Although it was mentioned in the
Introduction that the adoption of HSM required the cell diameter to be
larger than three times of the inner micropipette diameter, many studies
have employed this model regardless of the geometric condition (18-20).
In the range of linear elasticity and small deformation, the analytical
relationship between the aspirated length (L;, the subscript / indicates
the HSM) and the negative pressure (4p) (as shown in Fig. 1 a), can be ex-
pressed as follows (21):

3adp
L =
" 27E

o(n), 6]

where a is the inner radius of the micropipette, E is the elastic modulus of
the cell, and @(n) is the wall function of the micropipette.

Furthermore, based on Eq. 1, a viscoelastic creep expression for the aspi-
rated length was derived by Sato et al. (22), wherein the cell was treated as
an incompressible standard linear solid (SLS), as shown in Fig. 1 b. The
aspirated length can be expressed as follows:

Lo(f) = %cp(n) [1 + (kl 'f;kz - 1>exp(—£)}H(t).
@




Different Mechanical Models of MPA

Micropipette

Cell —\/\/\/\/\/\/\— Cell ke u

Here, L, () is the aspiration length of the cell at time #; k1, k», and p,
the three viscoelastic parameters of the SLS model, were determined
by nonlinear regression analysis of the MPA data. 7 is the relaxation
time constant of a deformation under constant load (defined as 7 =
u(ky + kp)/(kiky)), and H(t) is the Heaviside function. As is well
known, Eq. 2 is widely applied in the viscoelastic analysis of cells
(18-20,35-38).

SM

Considering the differences between the HSM and the actual situation
of MPA, a sphere model (SM) was employed in which the
relative dimension of cell to micropipette and the compressibility
of the cell were considered, as shown in Fig. 2 a. In the conditions
of linear elasticity and small deformation, an approximate elastic for-
mula for the aspirated length of the cell was obtained through theoret-
ical analysis and numerical methods (32) and was expressed as

follows:
B B o 3adp
L, = A(l +§C> (1-%) > 20 3)

Here, L, denotes the aspirated length of the cell in the SM (the
subscript s represents the SM), £ is the relative dimension of the radius
of cell (R) to the inner radius of micropipette (a), and v is the Poisson’s
ratio of the cell. A, B, and C are dimensionless parameters independent
of 4p and E. According to our previous study (32), the above three param-
eters were set to 1.33, 0.76, and 0.93, respectively. It should be noted that
Eq. 3 has been validated via the aspiration experiments of foam silicone
rubber spheres performed in our self-developed aspiration system (33),
which provided further support for the reliability of the approximate
formula.

Furthermore, assuming the cell behaves as a homogeneous isotropic and
compressible SLS medium, as shown in Fig. 2 b, the governing equations of
the viscoelastic problem in the absence of a body force are as follows:

Ty Zﬁm

\ Micropipette

Micropipette

FIGURE 1 Schematic representations of the half-
space model (HSM) for the MPA of a single cell.
(a) The linear elastic medium is shown. (b) The
SLS model is shown.
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Sij+p1Si = qoeij + q1€;

Here, o, €;, and ¢; represent the stress tensor, strain tensor, and
the Kronecker delta, respectively. u;; and u;; are the relative displacement
tensors. ¢ and e are the mean of the principle stresses and principle strains,
respectively. S;; and e;; denote the stress deviator tensor and strain deviator
tensor, respectively. K is the bulk modulus, and p4, g¢, and g; are constants
relevant to material parameters k;, k,, and u. The term (a) of Eq. 4 is the
equilibrium equation, and (b) is the compatibility relations in the condition
of infinitesimal strains. We assumed that the volume change of the cell
obeyed the law of elasticity and that the shape change followed the SLS
model (39), as shown in term (c) of Eq. 4. The symbol “” denotes the de-
rivative of tensors with respect to time. The parameters K, p1, go, and g; are
defined as follows:

E

k=30

and o)

ki +k
pP1 = ﬁa% = ki,q1 = 7M( ] 2)~ (6)
kz k2

Because of the symmetry of the model, it can be simplified as a plane
problem. In the polar coordinate system, the boundary conditions are

\ 4pH(t) Tﬂ

FIGURE 2 Sphere model of the MPA of a single cell
employing different constitutive relations. (a) The
b linear elastic model is shown. (b) The SLS model (Q
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T0(R,60,1) = 0fort >0

0, (R,0,1) = ApH(t) for— O <f<Oandt > 06 = arcsin%

=0 forO<0<2mw—

u,(R,0,t) =0 for 6 =

The initial conditions are

u=1 = 0inQfort = 0. )

Because of the premise of linearity of the constitutive relations and
geometry, the solution for the aspirated length Ly() for the above visco-
elastic problem can be derived by the corresponding principle of elasticity
to viscoelasticity based on the solution of the corresponding elastic problem
(i.e., Eq. 3) (39,40). Next, two cases will be discussed.

Incompressible sphere model

By letting » be 0.5, Eq. 3 is reduced to

B\ 3adp
L= (1+=— (7). 9
Then, in Eq. 4, we have
e=0
P } (10)
Thus, term (c) of Eq. 4 can be rewritten as
01'j : _pBij"_Sij ) (11)
Si +p1Si = qoe +qié; [’

where p is the hydrostatic stress, which is defined as the mean of the three
principle stresses. The Laplace transformation of Eq. 11 is
0 = —pO;+S; } (12)

(1+sp1)S; = (g0 +5q1)e;

By substituting the second formula of Eq. 12 into the first, the Laplace
transformation of the constitutive equation for the incompressible SLS
can be rewritten as

Gy = —Ppo; + g, (13)
SP1

The corresponding constitutive equation of elasticity for the incompress-
ible case is expressed as

0',‘] = —pB,j —+ 2,(1.8,'1', (14)

where p is the Lamé constant of an elastic body. Comparing Eqs. 13 and 14,
we have

qo + sq1

2(1+sp1) (15)

E:
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Here, 1 is the corresponding value of the elastic constant u in the Laplace
domain for the viscoelastic constitutive relation. Moreover, in the condition
of incompressibility, the elastic modulus can be expressed as

E = 3u (16)

By substituting Eq. 16 into Eq. 9 and replacing u and 4p with @ and
A4p(s), the Laplace transformation of the viscoelastic solution of the aspi-
rated length, L(), can be derived as follows:

L(s) = (1+;’;C> adp(s)

2w
Generally, the negative pressure Ap during MPA is applied by step type,
that is,

o(n). a7

B [4p >0
where H(t) is the Heaviside function. Thus, we can obtain
_ Ap
Ap(s) = - (19)
By substituting Eqgs. 15 and 19 into Eq. 17, it can be rewritten as
_ B Ap® 1
L@%:Q+C>ap(m +W1'(m)
£ ™ s(qo + squ)

Then, the viscoelastic solution of the incompressible sphere model
(ICSM) is obtained as follows from the inverse Laplace transformation of
Eq. 20:

L) =(1+§) ()
x {1 + (ﬁ— 1)exp(—£)]ﬂ(t).

The parameters in Eq. 21 are the same as those in Egs. 2 and 3. Obvi-
ously, Egs. 2 and 21 have the same form, except for the correction coeffi-
cient (1 + BIE).

adp

mh @1)

Compressible sphere model

When a cell is considered compressible, the viscoelastic constitutive rela-
tions are (39)

- (22)

g = 3Ke
Slj+plSU = qoe,y+q1é,j'



From the Laplace transformation of term (c) of Eq. 4, we have

_ — S _ qo + 5q1_
Uij = 0'6,'}' + S,‘j = 3K€6ii + Tspleij. (23)
Noting that
e = Egkk and E,-,- = EU — 25,;,-, (24)
thence the Eq. 23 can be further written as
_ qo +5q1 |_ qo + 54 _
7y = |K — | Eudy + 5 (25
! [ 3(l+sp1)} T s Y 25

The elastic constitutive relation of the compressible sphere model (CSM)
is given by

01'j = Asijgkk + 2#8,']', (26)

where A is another Lamé constant of an elastic body. Comparing Egs. 25
and 26, the following correspondences can be obtained:

e qo + squ
” 3(1+sp1)
— _ qo + Sqi

2(1+sp1)

@7

&S

By substituting Eq. 27 into Eq. 3, the viscoelastic solution of the aspi-
rated length for the CSM in the Laplace domain can be expressed as
follows:

Different Mechanical Models of MPA

MPA of chondrocytes

The normal and osteoarthritis (OA) chondrocytes were harvested from the
articular cartilage of male New Zealand white rabbits under the same
feeding conditions (n = 16; 3-5 months old; 1.8-2.5 kg body weight; 8
per group). An animal model of OA was experimentally induced in the
OA group by anterior cruciate ligament transection, and the same operation
was performed on the normal group without anterior cruciate ligament tran-
section. Rabbits were allowed to move freely in the cages until their sacri-
fice at 15 weeks postsurgery. The study was undertaken with the approval of
the ethics committee of the Taiyuan University of Technology. Rabbits’
articular cartilages were inspected at two levels: macroscopic and histolog-
ical in all left knees. The cartilage degeneration of the joint was evaluated
using a modification of Mankin’s histologic classification (grade 0-6). If the
mean grade value was less than or equal to 1.5, the cartilage was classified
as normal, and a mean grade value greater than 1.5 was classified as OA.
The cartilage was removed from the bone and digested with 0.4% pronase
then with 0.025% collagenase type II at 37°C until a single-cell suspension
was obtained. Isolated primary cells were suspended in culture medium
with Dulbecco’s Modified Eagle Medium (Nissui, Tokyo, Japan), Nutrient
Mixture F-12 (Solarbio, Beijing, China) with 10% fetal bovine serum and
1% penicillin, and used for the MPA test immediately.

The MPA of chondrocytes was generally similar to that described previ-
ously (10,23), as shown in Fig. 3. Approximately 1 mL of chondrocyte sus-
pension was loaded into a small chamber. The tip of the micropipette was
made to approach the surface of a spherical chondrocyte. Before the aspi-
ration experiments, the diameter of the cell and the inner diameter of the
micropipette were first recorded. In the initial state of the experiment, a
negative pressure of ~0.01 kPa was applied to the chondrocyte, and the
mouth of pipette was sealed against the cell. Then, a step negative pressure
of 0.02 kPa amplitude was applied, which caused an instantaneous elastic
deformation of the cell. Each pressure was maintained for 10 s until the
cell reached a steady state, and the aspirated length of the cell was recorded
along with the corresponding negative pressure. The maximal pressure was
controlled to be less than 0.25 kPa. Subsequently, the negative pressure was

3K(1+spy) — (qo+sq1) _ 2(1 +sp1)

_ B\ 3adp
L= |Al14+—= P
(1+5) oo

Then, from the inverse Laplace transformation of Eq. 28, the aspirated
length L; (¢) for the CSM is derived as

Ly(t) = [A(l—k;%) 3;?” @(n)}

q0(6K + qo)

2404, q1

Here, K, p;, qo, and g; are the undetermined parameters described
for Eqs. 5 and 6. It is noted that K should be calculated first from
Eq. 5, where E is determined by fitting the MPA data obtained from
the elastic responses to Eq. 3 and v is generally given in the range
from 0.2 to 0.4. Then, the viscoelastic parameters k;, k,, and u can
be determined by fitting the creep curve for MPA to Eq. 29. It can
be found that when v — 0.5 (i.e., K — ), Eq. 29 will degenerate
to Eq. 21.

( )] y [2(1+sp1)

s(qo + 5q1)

- X (28)

6K (1+sp1) + (g0 +5q1) ~ s(qo+sq1)]

fixed to a desired value (ranging from 0.3 to 0.4 kPa) for 200 s, which
caused a time-dependent aspiration of a portion of the chondrocyte. All ex-

(29)
6K + qo

P190 — q1 qo
+ ex ——t )+ ex
p( ) 2(6K + q0)(6Kp1 + 1)

e (_6Km +ai tﬂH(Z)

periments were performed at 37°C and controlled humidity (custom-built
equipment) within 2 h.

Statistical analysis

The data obtained in this study were presented as the mean = SD. Statis-
tical analyses were conducted using the software SPSS (version 17.0; IBM,
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FIGURE 3 Schematic diagram of MPA (55).

Armonk, NY). Because of the approximate normal distribution of data, an
independent z-test was used to examine the differences between the groups
(normal and OA). The statistical significance between the models (HSM,
ICSM, and CSM) was estimated by two-factor analysis of variance. Differ-
ences were considered statistically significant at p < 0.05.

RESULTS
Mechanical parameters from different models

The chondrocytes showed an instantaneous elastic behavior
under the action of step negative pressure in which the aspi-
rated length was approximately linearly related to the pres-
sure. When the pressure was fixed at a certain value
(~0.35 kPa), the typical creep behavior of a viscoelastic
solid was exhibited by the chondrocytes (i.e., an instanta-
neous jump followed by a decreasing slope until equilibrium
was reached), as described in previous studies (10,36). For
the elastic response, Eqgs. 1, 3, and 9 were used to fit the
experimental data to determine the elastic modulus E and
bulk modulus K of the cell (for the CSM, v was taken as
0.2, 0.3, and 0.4). The viscoelastic creep response was fitted
by Eqs. 2, 21, and 29 to obtain the parameters k;, k, and u,
where the parameter K of Eq. 29 was set to the above deter-
mined values. The wall function @(n) was adopted as 2.05
during the whole process of fitting. The fitting curves of
MPA data for the normal and OA chondrocytes using the
three models (HSM, ICSM, and CSM) are shown as Fig. 4.

Table 1 presents the mechanical parameters of chondro-
cytes derived from the three models. For the normal group,
the HSM yielded an £ = 0.57 = 0.43 kPa, a k; = 0.37 =
0.07 kPa, a k, = 0.29 = 0.04 kPa, and a u = 6.36 +
1.12 kPa-s. However, because of the consideration of cell
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size, the ICSM generated higher parameters as E =
0.84 + 0.66 kPa, k; = 0.51 = 0.09 kPa, k, = 040 =+
0.06 kPa, and u = 8.84 = 1.52 kPa-s. For the CSM (v =
0.3), wherein the compressibility of cell was further taken
into account, the much higher parameters were produced
as £ = 1.02 = 0.79 kPa, k; = 0.87 = 0.05 kPa, k, =
1.20 + 0.38 kPa, and u = 22.72 + 2.93 kPa-s, except
for a finite bulk modulus K as equals 0.85 * 0.66 kPa.
For the OA group, the effects of the model were similar to

4.0
T s v A A -
3.5 eﬁ:' Experimental data of an OA chondrocyte
f -~~~ HSMfit (k,=0.25 + 0.004, k,=0.97 + 0.27, x=1.45+0.11, R’> 0.96)
—~ 3.0 $¢ ©  ICSM fit (k,=0.36 + 0.006, k,=1.36 + 0.38, 1=2.03 £ 0.16, R’> 0.96)
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FIGURE 4 Viscoelastic responses for a normal chondrocyte and an OA
chondrocyte during the MPA fitted by three models. For the normal chon-
drocyte, the parameters & and a were 2.09 and 3.66 um; for the OA chon-
drocyte, they were respectively 1.99 and 3.63 um. The aspiration pressure
was 0.38 kPa for both cells. The units of viscoelastic parameters &, k,, and
u are kPa, kPa and kPa-s, respectively.
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Comparisons of groups in different models
20t As shown in Fig. 5 a, the elastic modulus of OA chondro-
i i’l i i’l j cytes from each model was slightly lower than that of the
Samag normal group, and no significant difference was observed
SccsSo between the two groups (p > 0.05). The above results

were all consistent with the findings by Jones et al. (23)
ENRE ) for human chondrocytes obtained by means of the HSM.
SsSssSS For the viscoelasticity, the three parameters of OA chondro-
::l [-I;I L‘ :::l ﬂ cytes for each model were all significantly lower than those
S2338 of normal chondrocytes (p < 0.001), which was contrary to

the results of previous study by Trickey et al. (10,35). With

8 L3 regard to the HSM, the ki, k,, and u of the OA group
g — <S¢ decreased by 27.9, 31.0, and 93.9%, respectively, compared
+ + f :;' jr' to those of the normal group; for the ICSM, the above values
TS were 27.5, 27.5, and 93.7%, respectively (Fig. 5, b—d). For
the CSM, with » = 0.3 as an example, the above values
z;:,r naEDd were 28.7, 31.7, and 94.0%, respectively (Fig. 5, b—d). Obvi-
ScocoocoS S ously, the effects of models on the relative differences of
:r' L' : j jo' mechanical parameters between the normal and OA chon-
osz222 drocytes were roughly the same.
SESEg - Comparisons of models
2 +H o+ : :: Elasticity
T aaaaQ
% ; 5 g It can also be found from Table 1 that the differences in
elastic parameters caused by the use of different mechanical
+ %l 33 models were significant for each group. The elastic moduli
S 2 E § 2 estimated by the ICSM and CSM were larger than those of
HH oo the HSM. For the normal group, the elastic modulus from
§ g 2]5 the ICSM was 47.4% higher than that of the HSM (p <
e -~ 0.001; Fig. 6 a). For the CSM, the percentage increase in

E over the value for the HSM was 87.7, 78.9, and 64.9%
5 g :5. % ;, when the Poisson’s ratio was set to 0.2, 0.3, and 0.4, respec-
j fl S oSS tively, as illustrated in Fig. 6 a. Thus, the dimension of the
5o R cell relative to the micropipette (£) and the Poisson’s ratio
SR (v) have a marked effect on the determination of E and

should be considered. It can also be observed that the elastic

NI modulus changes little when the Poisson’s ratio varies from
8 ; fl fl o & 0.2 to 0.4. The E for v = 0.4 was only 12% lower than that
tTtewnol 88 for v = 0.2. However, the effect of v on the bulk modulus K
23S %" TQ s was significant, that is, K for v = 0.4 was 162% higher than
g 5 i: § that for v = 0.2 (Table 1). Therefore, when employing the
@ “m ‘“o ; Z’ gze CSM, although the value of » has little effect on the determi-
SSZzS&ZTese nation of the elastic modulus, this choice can lead to a
'ﬂ ir' HoH % E 3 E drastic change in K, which may greatly affect the subsequent
22 i e8| L& ;& & viscoelastic analysis.
TT1Esss
- S 23 Viscoelasticity
izdlss:ss . .
= z S=2|Avvy Additionally, as can be observed from Table 1, the visco-
Z2O000ARAN elastic parameters of cells determined from the different
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FIGURE 5 Comparisons between the normal (n =
47) and OA (n = 50) groups in terms of the mechan-
ical parameters estimated from different models.
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models were significantly different regardless of the group.
For the normal group, the parameters for the ICSM and
CSM were significantly larger than those of the HSM
(p < 0.001). The k,, kp, and u for the ICSM were 37.8,
37.9, and 39.0% higher, respectively, than those for the
HSM (Fig. 6, b—d). The above differences were caused by
the consideration of the relative size of the cell and the
micropipette. For the CSM, the viscoelastic parameters
decreased with the increase of v. When v = 0.3, ky, ko,

Elastic modulus (E) and viscoelastic parameters
(ky, ky, and p) were respectively shown in (a)—(d).
#p > 0.05 and *p < 0.001 as compared to the normal
group.

and u increased by 71.0, 200, and 157%, respectively, rela-
tive to those of the ICSM (p < 0.001; Fig. 6, b—d). For the
cases of » = 0.2 and v = 0.4, the above parameters were
respectively 102, 243, and 209% and 35.3, 97.5, and 79%
higher than those of the ICSM. The above results indicated
that the value of Poisson’s ratio had a significant influence
on the determination of the viscoelastic parameters. If we
consider the combined effects of £ and v on the viscoelastic
parameters, for the normal group, ki, k», and p at v = 0.3
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0.19 FIGURE 6 Comparisons of the mechanical pa-
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C ., d s normal group (n = 47). Elastic modulus (E) and
}g: s o# it viscoelastic parameters (ki, k,, and ) were shown
141 30+ in (a)—(d), respectively. *p < 0.001 as compared to
g ? s # HSM and *p < 0.001 as compared to ICSM.
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were 135, 314, and 257% higher, respectively, than those for
the HSM (Fig. 6, b—d). Thus, it can be concluded that the in-
fluences of the parameter (£) characterizing the dimension
of the cell relative to the micropipette and Poisson’s ratio
(v) on the estimation of the cellular viscoelastic parameters
were very significant and should be taken into consideration
for an accurate determination of mechanical parameters of
cells by MPA.

Effects of models on the OA group

For the OA group, the percentage increases in E for the
ICSM and CSM (v = 0.3) over that for the HSM were
40.7 and 68.5%, respectively, and the viscoelastic parame-
ters ki, k>, and u for the ICSM and CSM (v = 0.3) were
respectively 42.3, 45, and 43.6% and 138, 310, and 251%
higher than those for the HSM. The above results were close
to those of the normal group.

Predictions for the relative errors of mechanical
parameters caused by HSM

Because of the consideration of geometric parameter (£) and
compressibility of cell () in the SM, we believe that the me-
chanical parameters obtained from this model are more ac-
curate (closer to the actual values) than those obtained from
the HSM. According to Eqs. | and 3, we can derive the
elastic moduli of the cell from the HSM and SM as follows:

B 3adp®d(n)

E
h 27l

3adp®(n)’ G0

B
ES ZA(I—FgC) (1—1’2) 27TL

Here, L is the aspiration length of the cell during MPA,
and the subscripts & and s represent the HSM and SM,
respectively. Defining e as the relative change of elastic
moduli (or relative error) between the HSM and SM, we
have

Er_Es
25 % 100%

s

-1 .
1—A1(1+§C> (1—u2)1] x 100%

(€29

The thresholds of & corresponding to different Poisson’s
ratios can be obtained for some given values of e, as shown
in Fig. 7.

As can be seen when v is 0.3, to make the e less than 30%,
¢ needs to be at least 5.0. When v equals 0.5 (ICSM), & is
~3.3 to make the e reach 20%. However, £ is rarely larger
than 5.0 in general MPA experiments; thus, the relative error
of the modulus will exceed 30%. It can also be found from
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FIGURE 7 Thresholds of & varying with » when e was 10, 20, and 30%,
respectively.

Eq. 31 that the above results are independent of cell types,
so they are applicable to other spherical solid-like cells.

For the viscoelastic parameters, another parameter Vpg
was introduced to represent the relative errors of parameters
between the HSM and SM, which is expressed as

Vh - Vs

s

Ve = x 100%. (32)

Here, V), and V; represent the viscoelastic parameters
from the HSM and SM, and the subscripts 7 and s denote
the HSM and SM, respectively. From Eqgs. 2 and 21, we
can find that the Vi of the three parameters (k;, k», and u)
between the HSM and ICSM are identical and equal to [B/
(B + £9]x100%. As can be seen from Fig. 8 a, Vg
decreases with the increase of £&. When £ is 3, Vi is nearly
22%. If the & is larger than 8.0, the relative error will
be reduced to less than 10%. Similar to the e, the above re-
sults also apply to other types of cells. For the CSM, the
viscoelastic parameters are related to both £ and K
(Eq. 29), and K can be expressed as follows according to
Eqgs. 5 and 30:

K =

A(l +%)(1 — )
: o
3(1—20) " (33)

To investigate the effects of £ and v, E;, should be
given first. The viscoelastic parameters of a typical chondro-
cyte varying with & and » were obtained, as shown in
Fig. 8, b—d. It can be observed that the parameters decrease
with the increase of £ and v. When v tends to 0.5, the param-
eters tend to those of the ICSM. When the £ exceeds 10,
each parameter changes very little. For a certain Poisson’s
ratio (v = 0.3), when £ is 3, the Vi of k;, k>, and u are
47.1, 70.8, and 68.2%, respectively. When & equals 5 and
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FIGURE 8 Effects of £ and v on the viscoelastic
parameters. (a) The relative errors of viscoelastic pa-
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7 & 8 1o rameters between the HSM and ICSM as a function
of & are shown. (b)—(d) exhibit the variations of three

viscoelastic parameters (k;, k,, and u) with & at
different Poisson’s ratios, in which the pipette inner
diameter (a), negative pressure (4p), and Ej, of the
chondrocyte were 3.56 um, 0.4, and 0.6 kPa, respec-
tively.

10, the above values are 42.3, 68.8, and 65% and 38.4, 66.0,
and 63.2%, respectively. For a given £ (¢ = 3), when v is 0.2,
the Vi of k;, k,, and u are 53.6, 73.3, and 75.0%, respec-
tively. When v is taken as 0.3 and 0.4, the above errors are
47.7, 71.1, and 68.2% and 38.4, 58.8, and 54.8%, respec-
tively. Thus, the Vy also decreases with the increase of &
and ».

DISCUSSION

Two general creep characterizations of MPA considering the
dimension of a cell relative to the micropipette and the cell
compressibility were obtained based on our previous studies
on the corresponding elastic behaviors. Then, combined
with the MPA data of chondrocytes, comparisons between
different models demonstrated that the geometric parameter
(€) and the Poisson’s ratio (v) can affect the determination of
mechanical parameters significantly and should not be ne-

glected in an accurate analysis of the mechanical properties
of cells.

Comparisons to other testing methods (AFM, unconfined
compression, or cytoindentation), as shown in Table 2, re-
vealed that the elastic moduli of chondrocytes determined
by means of different approaches were on the same order
of magnitude, and the results of this study were generally
lower than the corresponding values obtained by other
methods. This finding can be attributed to several factors,
the most obvious being differences in the testing methodol-
ogies. As a matter of fact, the cell is a highly heterogeneous
structure in which the cortical shell envelops the liquid cyto-
plasm with many organelles inside. Recent study has shown
that the stiffness of cells mostly comes from the cortex of
cells, and the cytoplasm is a weak elastic gel with a stiffness
three orders lower than that of the cortex (41). It is also
important to note that the nucleus accounts for a significant
part of the cell responses (42). Experimentation using

TABLE 2 Elastic and Viscoelastic Properties of Normal Chondrocytes Measured by Different Methods

AFM Unconfined Compression/Cytoindentation MPA (Current Study)
v =0.5" v =0.38" v =0.5° v = 0.26° v =05 ICSM CSMO0.38 CSM0.26
E (kPa) 1.4 + 1.1 0.94 2.55 + 0.85 - 1.10 = 0.48 0.84 + 0.66 0.99 + 0.87 1.12 + 0.75
Ey (kPa) 0.91 0.42 247 += 0.85 1.06 = 0.82 8.00 = 4.41 091 + 0.14 1.75 £ 0.35 225 + 044
E. (kPa) 045 + 044 0.24 1.48 = 0.35 0.78 £ 0.58 1.09 = 0.54 0.51 £ 0.09 0.75 £+ 0.06 0.93 = 0.11
u (kPa-«s) 4.46 0.88 1.92 + 1.80 4.08 = 7.20 1.50 = 0.92 8.84 + 1.52 17.26 = 2.52 25.43 + 4.25

“Human (n = 46). E, and u were calculated from the data provided by (53).

Data were obtained by averaging the values from superficial and middle/deep zones (34) (porcine).

‘Bovine (13) (n = 15).
“Bovine (50) (n = 24).
°Bovine (54) (n = 16).
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micropipette techniques has shown that isolated nuclei
from chondrocytes are three to four times stiffer than the
cell (43), and other experiments using AFM have demon-
strated similar results in adherent endothelial cells (44).
Thus, whether using the MPA, AFM, or unconfined
compression, the derived mechanical properties of the
whole cell mainly reflect the stiffness of the cortex and nu-
cleus of the cell. However, relative to the influence of cortex
and nucleus on cell response during MPA, we consider that
they have a greater effect on the cellular response in
unconfined compression, for the unconfined compression
exposes the entire cell to compressive force, whereas micro-
pipette experiments use suction to expose a portion of the
cell membrane to tensile forces. Additionally, cells from
different animals and different joint locations were
compared, which could also cause the significantly different
variations in mechanical properties (45,46). Lastly, differ-
ences in mechanical properties could arise from the fact
that the other methods (AFM, unconfined compression, or
cytoindentation) were conducted on cells that were adhered
to a substratum, whereas MPA tests suspended cells. The
process of cellular adhesion is known to involve the
formation of focal adhesion complexes in conjunction
with cytoskeleton remodeling (47). This adhesion process
has been demonstrated to produce an overall stiffening of
the cell (48,49).

With regard to the viscoelasticity, the parameters of this
study (ICSM) were close to those from AFM (v = 0.5),
except that the apparent viscosity coefficient u differed
(Table 2). The instantaneous modulus E, (defined as k; +
k>) and the equilibrium modulus E ., (defined as k;) from
this study were significantly lower than those determined
by unconfined compression or cytoindentation, which was
also probably the result of the stiffer nuclei mentioned
above. The CSMO0.38 and CSMO0.26 of this study also
yielded similar E, and E. values as those from AFM
and unconfined compression. However, in the above com-
parisons, the u obtained from the MPA of this study was
higher than that from AFM, unconfined compression, or
cytoindentation. The authors believe that for this differ-
ence, the most obvious factor, in addition to the reasons
stated above, was the different treatment of the Poisson’s
ratio when switching from elasticity to viscoelasticity. In
this study, during the derivation of the viscoelastic expres-
sion for MPA from the elastic formula, the Poisson’s ratio
was considered a function of time, similar to the elastic
modulus. Therefore, the viscoelastic formula does not
contain v explicitly (39) but does contain the bulk modulus
K, which was markedly influenced by v, as stated previ-
ously (Table 1). Thus, as v increases, K will increase
dramatically, which will in turn cause large changes in
the three viscoelastic parameters, especially u. In contrast,
the viscoelastic expression characterizing the response of
the creep cytoindentation of chondrocytes given by Shieh
and Athanasiou (50),

Different Mechanical Models of MPA

/’l()O' Te t
1+ (=-1 — | |H(r), (34
e [+ (5 oo o 09

and the viscoelastic formula describing the stress relaxation
of AFM for chondrocytes derived by Darling et al. (34),

B 4_R1/283/2Eoo T, t
FO =) [1 * (Z‘ 1)‘”‘"(‘2”’“’)’
(35)

d(t) =

explicitly contained the Poisson’s ratio (i.e., » was consid-
ered time independent), similar to the geometric parameter
¢ in this study. However, the authors considered that it is
reasonable to treat v as a time-dependent variable in the
derivation. Similar to E, v is also an intrinsic parameter of
an elastic body, so these values should be treated equally
in the transformation from elasticity to viscoelasticity. Sim-
ply, because of the difficulties in the accurate determination
of the Poisson’s ratio of cells, cells are generally considered
incompressible or given a value of v in advance, and the
main attention is focused on the elastic modulus, which is
closely related to the cellular stiffness. From the above
two formulas, it can be found that the viscoelastic parame-
ters decrease as v increases, which is consistent with the pre-
diction of this study. The difference is that the influences of
the Poisson’s ratio on the viscoelastic parameters can be
easily determined directly from the above two formulas,
but not from Eq. 29 of this study. For example, if the Pois-
son’s ratio varies from 0.5 to 0.2, the viscoelastic parameters
all increase by 25% for Eq. 34 and 60% for Eq. 35, which
are much smaller than the corresponding results obtained
in this study (Table 1). On the whole, with the exception
of u, the mechanical parameters of chondrocytes obtained
by MPA in this study are roughly on the same order of
magnitude as those obtained with other methods. In terms
of the mechanical model of MPA in the current work, the
cell size and compressibility were considered simulta-
neously, and the elastic formula has been validated by exper-
iments. Therefore, the authors consider that the mechanical
parameters of chondrocytes obtained in this study provide
an important reference for relevant studies involving the me-
chanical properties of chondrocytes.

In the results, it was mentioned that for the OA group, the
relative changes of mechanical parameters caused by
different models were close to those of the normal group.
It was attributed to two factors, £ and E,. According to
Egs. 31 and 32, we can find that the relative differences of
the elastic modulus between the HSM and SM and the
viscoelastic parameters between the HSM and ICSM were
determined by & and v. Whereas, for the viscoelastic param-
eters from the CSM, in addition to &, they were also related
to the bulk modulus (K) as expressed by Eq. 33. Therefore,
under the same Poisson’s ratio, the relative changes of
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parameters caused by different models were determined by
both & and E,. In the current study, the differences in £ (2.01
+ 0.27 and 2.19 * 0.24 for normal and OA groups, respec-
tively) and E, (0.57 * 043 kPa and 0.54 + 0.40 kPa
for normal and OA groups, respectively, as presented in Ta-
ble 1) between the two groups were slight, so the relative
changes of mechanical parameters caused by different
models were very close for the normal and OA chondro-
cytes. Consequently, the relative differences of mechanical
parameters between the two groups were also almost iden-
tical in the different models as illustrated in Fig. 5. However,
for other types of cells or diseases, the effects of models
would be quite different if there was a large difference be-
tween the two groups of cells (normal and diseased) in &
or Ej,.

In addition, contrary to this study, a previous study on
viscoelasticity of human chondrocytes indicated that OA
chondrocytes exhibit higher k;, k», and u than the normal
group (10). However, the chondrocytes utilized in that study
were harvested from different patients with end-stage OA
undergoing joint replacement surgery or undergoing ampu-
tation or surgical correction of tumors or bone fractures.
Obviously, the factors of age, sex, OA degree, etc. of these
patients were uncertain. These may lead to the different me-
chanical properties of chondrocytes.

There are also some significant limitations in the current
study. One of the most obvious is the assumption that the
cell is a homogeneous and isotropic viscoelastic material.
This assumption can greatly simplify the model. Actually,
considering the underlying structure, a chondrocyte is a
complex unit containing various organelles and a cytoskel-
eton. The cytoskeleton has been assumed to be the source
of the solid-like elastic response of the cell, whereas the
viscoelastic component of the cell is not as well understood
and may be attributed to fluid-solid interactions, fluid vis-
cosity, or the nature of the cytoskeleton itself. Therefore,
in some sense, a mixture theory or poroelastic models
may be more suitable for describing the deformation
behavior of a single chondrocyte. Another significant limi-
tation is the assumption of linear constitutive relations and
of a small deformation during the whole process of MPA,
including the elastic and viscoelastic response. Only with
this premise, the viscoelastic creep response of the aspirated
length of a cell during MPA could be obtained from the cor-
respondence principle based on the elastic formula derived
in our previous study. In a similar way, the creep response
of indentation depth in the cytoindentation (50) and the
analytical solution of relaxation of the applied force exerted
on the chondrocytes by AFM (34) were derived. In fact, the
MPA of cells is a process involving a finite deformation
(28,29,51), even under a small negative pressure. In some
cases, pure strains slightly greater than 30% were observed.
Thus, the assumption of a small deformation in the current
study may lead to significant errors. However, some studies
demonstrated that the infinitesimal strain assumption may
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still be accurate for a viscoelastic HSM of MPA (which gen-
erates cellular strains greater than 30%). Moreover, the pre-
vious finite element simulation indicated that for the CSM
(a=3um, § =7 E =500 Pa, v = 0499, and 4dp =
100 Pa), the total elastic strain in the contact area between
the cell and micropipette exceeded 50% (51), which was
far beyond the scope of the small deformation (¢ < 5%).
However, the simulation results also indicated that the
aspirated length can still maintain a satisfactory linear
relationship with the negative pressure within the range of
150 Pa (51).

Moreover, the micropipette was modeled as a standard
hollow cylinder with a sharp corner in this study; thus, the
effect of the pipette fillet radius on the aspiration response
was not considered. However, according to the simulation
results of Zhou et al. (28), the above effect would be signif-
icant for the situations of larger £. Finally, the viscoelastic
expressions obtained in this study for the SM of MPA of
cells were strictly applicable to cells with a spherical or
approximately spherical morphology (such as suspended
chondrocytes, endothelial cells, or fibroblasts). For irregu-
larly shaped cells or adherent cells, the formulas cannot
be applied directly. If the effect of the geometric parameter
(the ratio of the inner radius of the micropipette to the char-
acteristic size of the cell) on the aspirated length can be
properly corrected (it can refer to the approach given by
Boudou et al. (52)), the resulting formulas might also be
used to describe the response of cells during MPA.

CONCLUSIONS

Based on our previous studies on the elastic response of a
single cell undergoing MPA, two viscoelastic creep expres-
sions for the aspirated length of a cell considering the size
and compressibility of cells were obtained in this work.
To our knowledge, this is the first study to provide analytical
expressions characterizing the creep behavior of a cell that
considers the combined influences of the cell geometry
and compressibility during MPA. Furthermore, the MPA
data of chondrocytes from normal and OA articular carti-
lages of rabbits were fitted by the aspiration formulas of
the HSM, ICSM and CSM, and the elastic and viscoelastic
parameters of each model were obtained. Comparisons be-
tween the models demonstrated that the mechanical param-
eters (E, k;, k», and u) of chondrocytes obtained from the
ICSM and CSM were significantly higher than from those
of the HSM and increased with the decrease of geometric
parameter (§) and Poisson’s ratio (v). Moreover, the relative
errors of mechanical parameters caused by the HSM were
introduced, and the thresholds of £ varying with » were ob-
tained for the given values of errors. These results indicated
that the effects of the relative dimension between the cell
and micropipette and the Poisson’s ratio of cell were
remarkable and should be taken into consideration.
Additionally, as a result of the close values in £ and Ej, of



the two groups, the choice of models had little influence in
charactering the relative differences of mechanical proper-
ties between normal and OA chondrocytes. However, for
other types of cells or diseases, the effects of models may
differ significantly in different & and Ej,. The authors
consider that the viscoelastic formulas obtained in this study
may provide a more accurate method for the determination
of the mechanical properties of individual solid-like cells
and could be used as a reference in relevant studies of cell
mechanics.
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