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ABSTRACT Multicellular aggregates are an excellent model system to explore the role of tissue biomechanics in specifying
multicellular reorganization during embryonic developments and malignant invasion. Tissue-like spheroids, when subjected
to a compressive force, are known to exhibit liquid-like behaviors at long timescales (hours), largely because of cell rearrange-
ments that serve to effectively dissipate the applied stress. At short timescales (seconds to minutes), before cell rearrangement,
the mechanical behavior is strikingly different. The current work uses shape relaxation to investigate the structural characteris-
tics of aggregates and discovers two coherent timescales: one on the order of seconds, the other tens of seconds. These time-
scales are universal, conserved across a variety of tested species, and persist despite great differences in other properties such
as tissue surface tension and adhesion. A precise mathematical theory is used to correlate the timescales with mechanical prop-
erties and reveals that aggregates have a relatively strong envelope and an unusually “soft” interior (weak bulk elastic modulus).
This characteristic is peculiar, considering that both layers consist of identical units (cells), but is consistent with the fact that this
structure can engender both structural integrity and the flexibility required for remodeling. In addition, tissue surface tension,
elastic modulus, and viscosity are proportional to each other. Considering that these tissue-level properties intrinsically derive
from cellular-level properties, the proportionalities imply precise coregulation of the latter and in particular of the tension on the
cell-medium and cell-cell interfaces.

INTRODUCTION

Three-dimensional (3D) cellular aggregates are an impor-
tant and broadly applied model system for the study of a
wide variety of biological processes including morphogen-
esis, carcinogenesis, malignant invasion, wound healing,
and tissue engineering (1-6). Similar to real tissues, tis-
sue-like aggregates are known to exhibit liquid-like proper-
ties (7—12). According to (5), “Behaviors which duplicate
those of ordinary immiscible liquids include: 1) the
rounding-up of irregularly-shaped tissue fragments toward
a spherical shape, which serves to minimize surface area,
and consequently, the amount of free energy of the
system; 2) the spreading of one tissue mass over another
to approach a particular anatomical configuration; 3) the
sorting-out of heterotypic cell mixtures to approach the
same anatomical configuration adopted by spreading;
4) the approach to the same final anatomic configuration
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by both cell sorting and tissue fusion; 5) the hierarchical
ranking of a tissues’ tendency to envelop another; and
6) the perfect correspondence between envelopment hierar-
chy and measured ‘surface tension’.” These liquid-like
properties are predicated on one hand, by large-scale tissue
flow realized via cell rearrangements (13—16), and on the
other by the tissues’ effective viscosity, which can be used
to quantify the dissipative process (17-20). Also similar to
a liquid, a “surface tension” arises from the energy differ-
ence between bulk and surface cells (vis-a-vis molecules)
(21-24). This liquid analogy is even valid on a subtler level:
when an aggregate (drop) composed of identical cells is
compressed, cells (molecules) occupying an internal posi-
tion exploit the compressing energy and move to the surface
(19,25), effectively increasing surface area, dissipating the
applied force, and minimizing the overall energy (26-28).
The above parallelism is true, however, only when
considering the long-timescale (hours) behavior of tissues
(5,12,29). This timescale is largely determined by that of
the so-called T1 transition, the basic motion of cell rearrange-
ment (20). Many studies are dedicated to understanding this
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phenomenon as well as measuring the long-time mechanical
properties such as elastic moduli, effective viscosity, and sur-
face tension (30-37). In particular, a recent study revealed a
well-conserved rearrangement velocity of 1.8 um/min (20).
In contrast, the short-time mechanical behaviors of cell ag-
gregates receive relatively little attention but may neverthe-
less be of equal importance (38). Put simply, short-time
responses determine how stresses are distributed “immedi-
ately” after a mechanical exposure and set the stage for the
long-time, liquid-like rearrangements that ensue. This is
the focus of the current study.

We perform aggregate compression tests using a tissue
surface tensiometer (TST) for a variety of aggregate types
to analyze the shape-relaxation dynamics upon removal of
the compressive force and apply a precise mathematical the-
ory (39) to analyze the mechanical structure of the aggre-
gate. We demonstrate the presence of two persistent
timescales across all types: a short one on the order of a
few seconds, and a long one on the order of a minute.
Mechanically, the aggregates approximate a “hard envelope
surrounding a soft bulk,” in which the bulk elasticity is un-
usually weak, with the free mechanical energy mostly stored
in the enveloping layer. This result is consistent with Krieg
et al. (40), in which much stronger cortices were observed
for cells on the surface in comparison with those in the
aggregate interior. Such a structure requires that tissue has
both strong structural integrity and necessary flexibility.
The relevant mechanical properties follow proportionality
with the surface tension, indicating strong regulation of
the underlying cellular properties, including cortical tension
and cell-cell adhesion. These results have specific implica-
tions for physical mechanisms underlying embryonic devel-
opment, cancer research, and tissue engineering, and for a
general understanding of emulsion and material synthesis.

MATERIALS AND METHODS
Cell lines

Five cell lines, one of which was tested under various drug/extracellular
matrix (ECM) treatment conditions, were employed in this study. LN2a
and LN4 cells were generated by transfecting noncohesive 1929 cells
(CCL-1; ATCC, Manassas, VA) with an N-cadherin expression vector
(41), followed by fluorescence activated cell sorting using an automated
single-cell-deposition system. LN2a and LN4 are clonal populations that
are identical in every respect but with different levels of cell-surface N-cad-
herin: LN4 expresses ~2.5-fold more N-cadherin on its surface than LN2a
(42). Although able to adhere to substrates, LN2a and LN4 cells only use
cadherins to cohere to one another. Therefore, the shape-relaxation data
are only dependent on cadherin-mediated cohesion. 3T3 (CRL-1658;
ATCC) and Rat2 (CRL-1764; ATCC) are mouse and rat embryonal
fibroblasts, respectively. Fibroblasts make collagens, glycosaminoglycans,
reticular and elastic fibers, fibronectins, and other ECM proteins whose
composition and function change when cells are placed in 3D culture or
in response to a differentiation signal. Full exposition of the ECM environ-
ment in 3T3 and Rat2 cells is well beyond the scope of this study. Suffice it
to say that the ECM is likely complex and differs between fibroblast lines.
Glioblastoma multiforme (GBM) cells were developed from primary hu-
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man glioblastoma brain tumor samples under a Rutgers IRB protocol
(#CINJ 001208) and were characterized in (43) and (44). Previous studies
demonstrated that GBM cells are responsive to various drugs that can
significantly alter their cohesive and mechanical properties. GBM cells
were treated with 0.1 uM dexamethasone (Dex) or 1 uM of the MEK inhib-
itor PD0325901 or dimethyl sulfoxide (DMSO) as vehicle control for 24 h
before formation of hanging drop cultures. Dex treatment of GBM cells
gives rise to an increase in fibronectin matrix assembly and to the reorgani-
zation of actin into stress fibers (43), whereas treatment with PD0325901
results only in actin-stress-fiber formation (45). These processes play a crit-
ical role in establishing aggregate mechanical properties; fibronectin matrix
assembly engenders an increase in tissue cohesion (43) and stiffness,
whereas actin is mainly involved in stiffening of both single cells and 3D
aggregates (45). Drug treatment was also performed in combination with
either 100 or 300 ug/mL of human fibronectin, as this has previously
been shown to significantly influence tissue biomechanics (46). The
GBM/drug/fibronectin combination treatments allow us to determine
whether our model is able to detect subtle changes in tumor mechanical
properties in response to drug treatment.

Generation of cellular spheroids

3D cellular aggregates were generated using the hanging drop method (47).
Briefly, cells were detached by ethylenediaminetetraacetic acid, washed,
and suspended at a concentration of 2.5 x 10° cells/mL in complete me-
dium supplemented with 2 mM CaCl,. 10 uL hanging drops were created
by depositing cell droplets on the underside of a tissue culture dish lid
and inverting the lid over its base, which contained 5 mL of phosphate-
buffered saline for hydration. After 48 h of incubation under tissue culture
conditions, aggregates that had formed at the base of each drop were trans-
ferred to agarose-coated 24-well dishes and further incubated until spheroid
formation. Depending on the cell line and treatment, spheroids were ready
within 24-72 h.

The resulting aggregates have a size ranging from 115 to 318 um in
radius. The radius is constrained to a lower limit that allows for compres-
sion of aggregates in the tensiometer (~100 um) and an upper limit of
350 um, beyond which aggregates develop a necrotic core because of
reduced diffusion of growth factors and hypoxia of core cells. The size vari-
ation among the 12 aggregate types practically covers the whole range
attainable with the current experimental setup.

Generation of shape-relaxation profiles

Compression and decompression of spheroids was performed in tissue
culture medium at 37°C using a custom-built TST (8). Spherical cellular
aggregates were loaded into the TST chamber and positioned between
poly-(2 hydroxyethyl methacrylate)-coated parallel plates to which they
cannot adhere. Compression was initiated by raising the lower plate until
the aggregate contacted the upper plate, the degree of compression being
varied through adjustment of the height of the lower plate. Aggregates
were compressed for 30 s, whereupon the compressive force was removed
and the aggregate was allowed to relax. A high-speed video camera (Lume-
nera Infinity 2 cooled CCD camera; Lumenera, Ottawa, Canada) was used
to capture shape change during relaxation, which proceeded until the aggre-
gate shape had approached sphericity. Additional study was performed with
GBM2 aggregates (GBM cell line from another tumor sample) with varying
compression times of 5, 10, 20, 30, 60, and 120 s to examine the depen-
dence of shape-relaxation times on compression duration.

RESULTS

Aggregates were prepared following Materials and Methods.
They were subject to compressions for 30 s with a TST



(except for the cases discussed in Appendix D, in which the
dependence on compression time is studied) and allowed to
relax upon removal of the compressing plate (see Video S1
for an example). An exemplary image is shown in Fig. 1 a.
The relaxation process is recorded; the aggregate contour
(solid) is extracted by a home-grown code, from which we
calculate the centroid of the 2D shape and then use it as an
approximation for the 3D centroid of the aggregate. The
axis of symmetry (rotation) is determined to be perpendicular
to the compressing plate and goes through the centroid. In
this manner, we assume that the aggregate is an “oblate
spheroid” (see Appendix A and Fig. 9 for volume verification
and 3D shape extrapolation from the 2D contour) upon
compression by the parallel plate. In a fashion similar to
a Fourier transform, the resulting axisymmetric shape is
then decomposed into axisymmetric spherical harmonics
(corresponding to m = 0 in Laplace’s spherical harmonics
Y! (8,4), so that the ¢-dependence is absent):
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FIGURE 1 (a) Exemplary image of a GBM with DMSO aggregate dur-

ing shape relaxation. The rectangular shapes in the image are the top and
bottom plate of the TST, respectively. The contour (solid) is numerically ex-
tracted. The aggregate is assumed to be axisymmetric, and the axis (dash-
dot) is calculated based on the contour. (b) The amplitude of the P,
(ellipsoidal) mode, s5, is shown as a function of time. The dashed is a dou-
ble-exponential fitting per Eq. 2. To see this figure in color, go online.
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Here, 7(0) defines the 3D aggregate shape under the pre-
defined polar coordinate system; R is the radius of equiva-
lent volume; and f;o is the magnitude of each spherical
harmonics, Yé. Mode Yé is not included because it corre-
sponds to simple translation. Higher-order details (I > 10)
are neglected in the fitted contour. The right-hand side in
Eq. | defines an approximate axisymmetric 3D shape of
the aggregate. To further improve shape analysis accuracy,
we iterate the steps above. That is, we update the centroid
using the 3D shape as defined by Eq. 1 and subsequently
repeat all steps above until a convergence of both shape
and centroid position is reached. Note that Y{(¢) differs
from the Legendre polynomial P;(cos(f)) by a constant
factor. For convenience, we define s, = (/5/4w)fo0 as
the mode amplitude so that 5,P5(cos()) = f>,0Y3(6), where
P5(x) = (3x* — 1)/2. For a shape close to a spheroid,

2 ra
~_ ——1)
52 3(b
or
~4a—b
h~3a+b

to the leading order, where a and b are the long and short
semiaxis, respectively.

sy 1s quantified in temporal resolution as the main
shape factor in this study. This choice is made because
1) P, mode is the most prominent mode in magnitude,
which allows the best signal-to-noise ratio; and 2) accord-
ing to the linear theory, different modes are decoupled from
each other, and thus the solution to each mode can be
achieved independently (39). Therefore, although the shape
of aggregate can deviate from a sheer spheroidal shape
upon plate compression, the analysis is not affected. In
Fig. 1 b, s, is plotted as a function of time, where ¢t = 0 cor-
responds to the beginning of shape relaxation. The data are
very well captured by a double-exponential fitting in the
form of

Sz(l‘) = Ae*l/fshon _;'_Beft/rkmg’ 2

from which the two timescales can be extracted. This form
follows from (39). For the case shown, T¢ox = 7.4 s and
Tiong = 48.3 s. The second dominant mode, P4, is in general
not amenable to quantitative analysis because of a weak
signal/noise ratio (Appendix B). Tgorx and 7ione are found
to be robust and have no dependence on the degree and
the duration of compression (Figs. 11 and 12, respectively,
in Appendix D). Furthermore, they demonstrate surprising
consistency across the 12 types of aggregates we studied
(Table 1). Because one is always on the order of seconds,
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TABLE 1 Summary of Measured Properties for 12 Aggregate Types (Total n = 290)

Type n Tshort (5) Tlong (5) Tlong/Tshor[ a (mN/m) R (,um) $2,max
LN2a 23 43 + 15 51.8 = 14.0 129 + 34 243 + 0.121 148 + 22 0.193 = 0.081
LN4 18 47 = 1.2 42.6 £ 52 95 =23 5.62 = 0.362 236 = 19 0.216 = 0.069
3T3 31 39 £ 1.6 45.5 = 10.1 12.8 = 4.6 20.1 = 1.94 115 £ 15 0.176 = 0.069
Rat2 21 36 = 14 46.7 = 9.6 145 = 54 21.1 = 142 151 £9 0.102 = 0.044
GBM —Dex 23 6.1 £ 1.0 327 £ 24 55 +038 6.71 = 0.589 318 = 25 0.212 + 0.046
GBM +Dex 32 49 = 1.0 417 = 7.6 8.6 £ 1.5 14.9 = 0.803 254 + 18 0.140 = 0.042
GBM —Dex +300Fn 31 7.0 + 3.1 439 + 133 6.6 £ 14 7.90 + 0433 295 + 26 0.222 + 0.065
GBM +Dex +300Fn 19 3515 30.6 = 10.9 9.5 = 37 20.5 = 0.936 290 = 34 0.100 = 0.030
GBM DMSO 24 84 =33 469 = 114 6.1 = 2.0 8.56 + 0.441 282 + 32 0.296 + 0.052
GBM PDO03 31 55+ 1.7 42.8 = 10.0 82 26 9.53 = 0.490 197 + 42 0.256 = 0.051
GBM DMSO +300Fn 22 46 + 1.2 345 + 53 78 £ 1.7 7.38 £ 0455 281 += 13 0.162 = 0.041
GBM PDO03 +300Fn 15 50 =08 393 £ 49 79 = 0.8 35.3 = 433 244 + 4 0.140 = 0.031

Abbreviations: GBM, glioblastoma; —Dex/+Dex, without and with dexamethasone treatment; +300Fn, with the addition of 300 ug/mL of soluble fibro-
nectin (otherwise 100 ug/mL); DMSO, dimethyl sulfoxide treatment; PD03, treatment with the MAPK/ERK inhibitor PD0325901. The numbers represent

mean and standard deviation, respectively.

and the other tens of seconds, we will denote them 7,0 and
Tiong> Tespectively, as in Eq. 2. They are analyzed in detail
below.

Fig. 2 shows results for L cell aggregates, namely, LN2a
(n =23) and LN4 (n = 18). These cell lines are particularly
interesting, as they are genetically engineered so that
N-cadherin is their only source of adhesion, and the
former expresses less than half (91,790 = 3076) of surface
cadherins per cell when compared with the latter
(225,041 =+ 7457) (42). Correspondingly, the surface
tension, o, approximately linearly correlates with the
cadherin-expression level (Table 1). However, this correla-
tion is not seen in the timescales. As shown in Fig. 2,
Toort = 4.3 = 1.5 and 4.7 = 1.2 s for LN2a and LN4,
respectively, p = 0.282 (Welch’s Test); Tiong = 51.8£14.0
and 425 = 52 s for LN2a and LN4, respectively,
p = 0.007. The p-value for T4 infers no statistically signif-
icant difference. For Ti,ng, the difference is significant yet
is only weak in contrast to the proportionality in surface
tension or surface cadherin density.

We next examine glioblastoma multiforme (GBM) aggre-
gates. In prior work, we investigated the effects of various
drugs on aggregate organization and dispersal, including
the MAPK/ERK inhibitor PD0325901 (PD03), which was
found to induce cell shape change and actin reorganization
(45). When compared with the control group (DMSO, with
the addition of 300 ug/mL of soluble fibronectin, denoted
“4+300Fn”), the PDO3-treated aggregates have approxi-
mately a fivefold increase in surface tension (Table 1). How-
ever, Fig. 3 a indicates that p = 0.185 and 0.007 for Tg,o¢ and
Tlong, respectively. Despite p < 0.01 for the latter, the mean
value increases by only 13.9% under a fivefold increase in
surface tension. A similar trend is observed for GBM aggre-
gates with and without Dex treatment. Previous studies have
shown that Dex treatment, by inducing fibronectin matrix
assembly, significantly increased the strength of cell-cell
cohesion, thereby inhibiting detachment of cells from the
aggregate, reducing their dispersal and migration away
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from the primary mass in in vitro (43) and ex vivo (48) as-
says, and increasing aggregate surface tension by more than
twice. This enhancement is more pronounced when cells
are incubated with higher concentrations of fibronectin
(Table 1). Again, the moderate differences in 7g,¢ and
Tiong (—19.7 and 27.5%, respectively) does not scale with
the significant changes in the surface tension.

Taken together, all groups (see, in addition, GBM —Dex/
+Dex +300Fn; GBM DMSO/PD03; and 3T3/Rat2 in
Table 1) demonstrate a persistent robustness in the relaxa-
tion timescales despite significant changes in other proper-
ties. All timescales are presented in Fig. 4 against the
aggregate surface tension, . The aggregate surface tension
spans more than one order of magnitude, whereas the
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FIGURE 2 Relaxation times for LN2a and LN4 aggregates; the
cell lines are genetically engineered to express different levels of
N-cadherin, which leads to different aggregate surface tensions (Table 1).
Tshort =4.3+1.5 and 47+12 s for LN2a and LN4, respectively,
p = 0.282. Tjopg = 51.8214.0 and 42.5 £5.2 s for LN2a and LN4, respec-
tively, p = 0.007. Error bars are SDs.
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FIGURE 3 Relaxation times for GBM aggregates. (@) A comparison be-
tween control (DMSO) and PDO03-treated groups, both with 300 pg/mL of
soluble fibronectin (4+300Fn), is shown. 7g,ox = 4.6+ 1.2 s (DMSO) and
5.0+0.8 s (PD03), p = 0.185; Tiopg =34.5+5.3 s (DMSO) and
39.3+4.8 s (PD03), p = 0.007. (b) A comparison between control
(—Dex) and dexamethasone-treated (+Dex) groups is shown.
Taot = 6.1£1.0 s (—Dex) and 49+1.0 s (+Dex), p = 420 x 107>,
Tiong = 32.7£2.4 s (—Dex) and 41.7+7.6 s (+Dex), p = 2.36 x 107"
Error bars are SDs.

relaxation timescales, averaging over all 12 groups
(total n = 290), result in Tgox =5.2%£2.3 and
Tiong = 42.0£11.1 s. The Pearson correlation coefficient,
p, is —0.35 between Tg,ox and o, and is —0.19 between
Tiong and o, suggesting weak linear correlations between
both timescales and aggregate surface tension.

‘We then wished to determine if timescales correlated with
aggregate size. We thus explored the relationship between
the times and the aggregate radius, R. (The radius is
that of a sphere with an equivalent volume.) Fig. 5
shows that g is in general positively correlated with
R (p = 0.53), whereas Ty, is in general negatively corre-
lated with R (p = —0.68). On the other hand, when we
plot Tiong /Tshore against 1/R, a more evident trend stands
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FIGURE 4 Relaxation times (short (a) and long (b)) versus surface tension
for 12 types of aggregates. The aggregates (total n = 290), listed in
Table 1, are as follows: LN2a (plus sign); LN4 (asterisk); 3T3 (cross);
Rat2 (upward-pointing triangle); GBM DMSO (square); GBM3 PD03
(pentagram); GBM DMSO +300Fn (diamond); GBM PDO03 +300Fn
(hexagram); GBM —Dex (left-pointing triangle); GBM +Dex (right-point-
ing triangle); GBM —Dex +300Fn (circle); and GBM +Dex +300Fn
(downward-pointing triangle). The Pearson correlation coefficient,
p, is —0.35 between Tgox and o and is —0.19 between 7joy, and o. Error
bars are SDs. The variation in ¢ is in general small and not plotted for clarity.

out: this ratio of timescales is inversely correlated with the
aggregate radius, R, or linearly correlated with 1/R (Fig. 6,
dashed; p = 0.84, R? = 0.71 for a linear fit).

Theory

The above results are consistent with a model containing the
presence of a surface entity different from the “bulk” (inte-
rior). For the current problem, an analytical solution can be
achieved that is a special case of a more general solution
obtained after prior work by four of us (L.L., M.Y., H.L,,
and R.A.F.) (39). Here, we provide a brief description of
the governing equations and the boundary conditions. The
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FIGURE 5 The timescales versus aggregate radius, R. The same descrip-
tion of symbols from Fig. 4 applies. Pearson correlation coefficient p = 0.53
and —0.68 for (a and b), respectively. All error bars are SDs.

aggregate bulk is modeled as a linear viscoelastic body
described by a Kelvin-Voigt model:

T = —pl+ w,[Vu+ Vu'] +n[Va + va'].

Here T is the stress tensor, u is the displacement vector,
p is the pressure field as a result of incompressibility (isovo-
lumetric process), and I is the unit tensor. u;, and 7 are bulk
elastic modulus and viscosity, respectively, which are
phenomenological parameters describing the rheological
properties of the interior. The governing equations inside
the aggregate are thus the stress balance condition

VT =0,

along with continuity

Veu = 0.

The medium outside the aggregate is ignored and pressure is
set to ambient, py.
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FIGURE 6 Theratio of times as a function of 1/R. The dashed line is linear
fit,y = ax + b, with @ = 1207 um and b = 2.92; p = 0.84, and the coefficient
of determination R?> = 0.71. The solid line is also a linear fitting, but we
set b = 1 per Eq. 7. The coefficient of determination is 0.64. The same
description of symbols from Fig. 4 applies. Error bars are SDs.

At the aggregate-medium interface, stress is continuous
in both the normal and tangential directions,

n-T = py+ 20H,
and
t-T =0,

where n and t are unit normal and tangential vector, respec-
tively; o is surface tension; and H is the mean curvature.
Applying the governing equations and the boundary condi-
tions on a spherical coordinate system and assuming small
deformation (39) provides an exact solution in the form of
double-exponential relaxation for each spherical harmonic
(eigenfunctions of the partial differential equation system).
For s,(¢), the timescales defined in Eq. 2 are found to be

201 1\
Tshort — <ET_]+T_2> and Tiong = T2, 3)

where 71 and 7, are the two well-known apparent timescales
in the viscoelasticity literature (49-52), defined by

=" and 7 =L )
4 My

Equation 3 entails immediately that to observe double-
exponential relaxation, i.e., two separate timescales of
Tshort and Tiong, We necessarily have

T <K T, or 7y ~ 7. (5)
This is because if the converse situation of 7; >> 7, occurs,
then Tghort = Tiong, the two timescales collapse, and the dou-
ble-exponential relaxation process becomes a single one.
Because in our experiments, two timescales are always



clearly observable in each single case, and Tgonn < Tiong,
we arrive at
g

> uy.
R My

(©)

In other words, the surface is an envelope much “harder”
than the interior.
We next examine the ratio of the timescales as predicted

by the theory,
2 2 1
-1 _|__0 T +_0 o\
19 7, 19 \u,/ R

Tlong

@)

Tshort

This provides a form of correlation agreeable with Fig. 6.
The intercept value 1 is somewhat lower than the fitted value
of 2.92, and the linearity points to constancy of the ratio
a/u,- On the other hand, we can attempt a fitting by fixing
the intercept to be 1 per Eq. 7; the result is plotted as a solid
line in Fig. 6. This fitting works as well, with a slightly
decreased coefficient of determination, R> = 0.64. The ratio
a/uy, is extracted to be 1490 um. Its constancy suggests a
strong regulating mechanism despite the changes in other
properties. This we discuss in the next section.

Equations 3 and 4 allow us to extract the rheological
properties (7, w,) based on the extracted timescales and
measured value of ¢ for each aggregate type (using a stan-
dard technique following (8)). The results are summarized
in Table 2 and shown in Fig. 7. In the figure, the three cor-
relations, namely wu, — 7, u, — 0, and n — o, are all approx-
imately linear. The first and second are consequences of the
relative constancy in Tion (Fig. 4 b) and o /pu,,, respectively.
The third derives from the combination of the two. These
results suggest that as the surface tension increases, bulk
elasticity and viscosity also increase proportionally. The
proportionality between surface tension and viscosity has
also been observed in the long-time regime, in which an
effective viscosity (~10° Pa-s) due to cell rearrangements
replaces 7 (20). The implications of these results are
discussed in the next section.

TABLE 2 Extracted Bulk Elastic Modulus and Viscosity from
Theory

Type n Mp (Pd) n (Pa-s) Esurf/Ebulk
LN2a 23 1.55 £ 036 79.5 £ 249 31.6
LN4 18 293 = 0.82 124 + 354 22.8
3T3 31 18.6 = 8.84 837 * 449 30.1
Rat2 21 121 =340 570 = 223 344
GBM —Dex 23 5.5 £ 0.97 168 + 33.8 12.4
GBM +Dex 32 836 = 142 347 + 844 214
GBM —Dex +300Fn 31 530 = 1.21 237 + 104 14.9
GBM +Dex +300Fn 19 11.7 =385 359 = 190 22.0
GBM DMSO 24 7.19 = 270 345 = 177 13.1
GBM PDO03 31 792 =204 334 £ 0958 19.2
GBM DMSO +300Fn 22 427 = 1.16 147 = 442 18.5
GBM PDO03 +300Fn 15 225+ 278 884 %= 155 194

The numbers represent mean and standard deviation, respectively.
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FIGURE 7 Extracted rheological properties: (a) bulk elasticity versus
bulk viscosity; (b) bulk elasticity versus surface tension; and (c¢) bulk vis-
cosity versus surface tension. In each graph, the dashed is a least-square-
root fit in the form of y = ax. The same description of symbols from
Fig. 4 applies. All error bars are SDs.

It is worthwhile to mention that the current model is one
of the few we studied in (39) and is carefully selected based
on both theoretical and experimental evaluations. For the
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surface envelope, we choose to use a constant tension, a.
Other models, such as Gurtin-Murdoch and Helfrich-Can-
ham, assume a variable surface tension, which is essentially
nonlinear. Although a closed-form solution is not readily
attained in these cases, they are not expected to follow a
double-exponential behavior. The main competing and
alternative model is hence the so-called “surface viscosity”
model, which also assumes a constant surface tension. In
this model, we replace the bulk viscosity, n, with a surface
viscosity, 7,, assuming that the viscosity of the surface en-
velope is dominant. In this case, a solution with double-
exponential relaxation is also attainable, and the reciprocals
of timescales 7,,, and 7, are the real solutions to the

short
following quadratic equation (39):

4 1 2
X - <§9a/ + 56’))( +Zga’ (0/ —|—£5’> =0, (¥

where o = w,R/n,, 8 = a/n,. Although it does seem that
this model can also be used to fit the relaxation data of indi-
vidual aggregates equally well, the overall trend is opposite
on the system level: the timescale ratio is linear to R (Fig. 8),
not 1/R as shown in the data in Fig. 6. In addition, extraction
of properties using this model leads to significant property
scatter, e.g., two orders of magnitude variation in pu,
and 7, within the same aggregate type, and even negative
values at times. The bulk viscosity model therefore is
chosen to model the experimental system over the surface
viscosity model, which also happens to be the simplest
one consistently capturing the data following the philosophy
of Occam’s Razor.

DISCUSSION

The data presented in this study raise many interesting ques-
tions regarding the organization of multicellular tissue-like

60 - -
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FIGURE 8 Relaxation timescale ratio plotted as a function of aggregate
size as predicted by an alternative “surface viscosity” model.
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spheroid. Here, we attempt to discuss some of the
implications.

Mechanical energy

The first is to realize that the ratio Tiong / Tshore effectively rep-
resents the ratio of the total mechanical energy stored on the
surface and in the bulk, because

3 57 ( Tion
_ 20 2/ [ Tong 1). 9
/~LbR 20 Tshort

Equt o X 4mwR?
Ebulk My X (4/3)7TR’;

The results are listed in Table 2 for each aggregate type. This
ratio ranges from 12.4 for GBM —Dex to 34.4 for Rat2,
demonstrating that the surface energy is in general one order
of magnitude higher than the bulk energy. Consequently,
during short-time deformation, the main energy change is
also on the surface. Indeed, changes in energy follow a fixed
ratio for an ellipsoidal deformation of any s,

AEsurf o B <Tlong _ 1) o ﬂ <Esurf)
ABp 15 \Tshon 9 \Eour)’
where A denotes the change from the original, spherical
state (see Appendix C and Fig. 10 for derivative details).
This conclusion is not surprising on the single-cell level:
cells in the bulk in general are in a lower energy state due
to intercellular adhesion, whereas the free (cell-medium)
surface is in a higher energy state due to higher tension.
This energy difference is simply the aggregate “surface
tension.” What is less intuitive, however, is that the overall
energy on the aggregate surface is still much higher consid-
ering that the number of cells (N(R/r)z, where r is the
average radius of an individual cell) is typically an order
of magnitude less than that in the bulk (~(RIP?). Together,
we may estimate that the average mechanical energy per
cell is two orders of magnitude lower in the interior than
on the envelope. Note that here the mechanical energy
(as well as the mechanical structure and forces discussed
below) results from both active and passive responses
of the cells. In addition, analysis above is used best for
order-of-magnitude comparisons, as the properties used,

such as pu,, are bulk-averaged and do not capture the
variability from cell to cell.

Mechanical structure

The same conclusion can be extrapolated to the mechanical
structure: at the short timescales, the enveloping surface
layer is mechanically much stronger than the interior.
Because the T1 transition occurs with a characteristic veloc-
ity of ~1.8 um/min (20), an exchange of surface and interior
cells typically occurs on the timescale of ~10 min, much
longer than the 7i,, we measure. Hence in this case
the surface layer is a well-defined mechanical enveloping



structure. The effective modulus of the surface envelope can
be estimated as

w, ~ a/r ~ 10 Pa,

using ¢ = 10 mN/m and r = 10 um. This modulus is also
2-3 orders of magnitude higher than u,. An equivalent
gauge of surface envelope stiffness is the bending resistance,
which can be approximately correlated with o by the
following formula (53):

k~ar’/3~107" 1.

This value is much larger than that of a lipid membrane
(~10_19J (54,55)). It is also evidently much stronger than
that of a single-cell cortex as the tension is comparable
(40,56), whereas the cortex thickness is orders of magnitude
less (~100 nm) (57,58). It is particularly interesting to
mention that the envelope is composed of identical units
(cells) as those of the interior. The difference is entirely
induced by cell-cell (and in some cases cell-ECM) adhesion.
Note that in this argument, we assume the entire surface cell
layer to be an entity and hence use the cell radius, r, as the
length scale. In actuality, it is unclear what the mechanically
“effective” thickness of the “surface envelope” is. This is a
topic of future exploration.

Proportionality and cortical tension coregulation

The analysis above is made from the perspective of a tissue-
level continuum model. In the following, we will discuss the
possible cellular-level origin of such a “hard-envelope soft-
interior” structure. Note that the strongest proportionality
arises from Fig. 7 b, or equivalently Fig. 6. The ratio of
a/u, as extracted from Fig. 6 and using Eq. 7 is 1490 um.
This constant infers a proportionality between (., cortical
tension at the cell-medium interface (and on the aggregate
envelope), and (., cortical tension at cell-cell interfaces in
the interior, which differs from g, because of cell-cell adhe-
sion and cell-ECM adhesion. It is reasonable to propose that

3B
My ~ Xr—"

Here, the factor of 3/r is the surface-to-volume ratio of a
spherical cell, and the constant x arises from other contribu-
tions including geometric factors. In other words, we
assume that bulk elasticity arises from resistance of the in-
dividual cell cortices. On the other hand, to the leading order
approximation o ~ AB = B, — Bcc, We therefore have

By = Bee/Bem ~ 0.002x 7", (10)

again using r = 10 um, and that ¢ /u;, = 1490 um. This pro-
portionality is indeed supported by observations of David
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et al. for non-drug-treated tissue: all of o, 8., and B in-
crease proportionally (see Table 1 in (20), wherein ¢ and
T correspond to B, and 8., respectively) for Xenopus ex-
plants. On the other hand, the ratio 8, ranges from 0.26 to
0.44 for untreated tissues in (20). If we were to apply these
numbers to our study, we will obtain an unusually low x on
the order of 1072, This result is inconsistent, as although
several factors including annealing and geometric shape
may contribute to a lesser value, it should not deviate
from 1 by more than one order of magnitude. Instead, we
speculate that 8, in our study is indeed small, and the
discrepancy with (20) can be explained by 1) the species
(Xenopus versus mammalian) are different; 2) that (.
in (20) was measured with the adhesion dynamics of a
pair of suspended cells not in contact with others, whereas
further adhesion with multiple surrounding cells, especially
of those in the interior which have no “free” interface, may
further and significantly reduce (.. and weaken (3,; 3) that
the surface tensions in this study are in general one to two
orders of magnitude greater than those in (20); and 4) the
spheroids used in this study are developed for 48 h, as
opposed to a few hours in (20). The second point above
could be due to the nonlinear nature of tension-adhesion
coupling, and exemplary models are found in (23,36,59).
Overall, a tension ratio on the order of 1073 indicates a
strong reduction in cell-cell tension, which approaches the
“flabby” state (23,59). Experimentally, this is supported
by the observation of the actin cortices by Krieg et al. (40).

The proportionality between surface tension and viscosity
is also observed by David et al. but on the much longer
rearrangement timescale (hours) (20). In this case, the
effective viscosity, 7., (where the subscript denotes
“rearrangement” to distinguish from 7 in the current work)
scales linearly with ¢ across a 10-fold change in the latter.
This linearity is caused by a constant rearrangement velocity
of ~1.8 um/min, which arises from the dynamics of cell-cell
adhesion, and which is conserved across different cell types.
In contrast to the much greater values of 7, (several to tens
of kPa-s), the viscosity (tens to hundreds of Pa-s) in the cur-
rent work is much weaker and of a different origin. It most
likely represents the effects of both cytoplasmic and cortical
dissipation, with the latter being dominant (60).

Most notably, this study and prior work by David et al.
(20) arrive at the proportionality between (.. and B,
through completely different approaches and on very
different timescales. In (20) and deriving from a theory by
Marmottant et al. (19), the authors arrive at a scaling rela-
tionship of 7., ~ B.. Further considering o ~ B., — Bec
and the experimental measured linearity between o and
Nea l€ads to the necessary proportionality among all three
tensions, which is also supported via contact angle measure-
ment of the cell pair. In the current work, the proportionality
arises from that between ¢ and u,,, obtained via timescales
Tiong and Tghort, Which are much shorter than that for aggre-
gate rounding. If surface tension is indeed controlled by
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adhesion, which is most directly indicated in (42), then we
may speculate that adhesion simultaneously upregulates
both cortical tensions. Note that this is not contradictory
to or to be confused with the downregulation of cortical
tension at the cell-cell contact, which is simply to say,
Bee < Bem- Our main hypothesis from the current work is
that increased adhesion leads to an increase in (., in a
manner similar to cells attached to a substrate (61,62),
meanwhile “leaving” a higher (. (relative to (., or a
higher (3,) at the cell-cell contact. Furthermore, this process
is regulated in a precise manner to maintain the proportion-
ality and the constancy in the relaxation times. The physical
mechanism for the proportionality between bulk viscosity
and B (Bcm), on the other hand, is unknown. However, if
we assume bulk viscosity mainly arises from the viscosity
of the cortices and the interstitial fluids between cells,
such a trend is not surprising. Although direct studies
are lacking, literature investigating analogous situation in
molecular contacts does suggest that increased adhesion
leads to increased “friction” (63).

Coherent timescales in multicellular aggregation

A multicellular aggregate is a complex, hierarchical struc-
ture that involves organization on multiple length scales,
from subcellular to the tissue level. A wide range of time-
scales also emerges, corresponding to the dynamic pro-
cesses (12,38). The two timescales observed here arise
from the collective, short-time response of the cells. The
timescale observed in (20), on the other hand, owes to the
long-time rearrangement of cells.

The constancy in the timescales and ratios reflects the
precise regulation of the underlying cellular properties. In
an earlier study by one of us (R.A.F. (50), Table 1 therein),
similar timescales in aggregates of chick embryo origin
were also observed, in which the short timescale was around
2 s and the long 22.5-44.8 s. Although these values are
somewhat lower than our measurements on mammalian tis-
sues, they are of the same order of magnitude. Interestingly,
such timescales (seconds and minutes) were also present in
calcium-signaling dynamics in the context of wound healing
and mechanical loading in Drosophila wings, although it is
not clear whether they are related to those in the current
observation (64,65). Apparently, multicellular organizations
preserve these timescales, whereas other properties can vary
more drastically. The fundamental cause for this preserva-
tion, as well as the proposed coregulation of cell-medium
and cell-cell tensions, requires further study.

In perspective, we introduce what is to our knowledge
a new approach—namely, ellipsoidal relaxation analysis—
to measure tissue mechanical properties. The results have
significant implications to the study of morphogenesis and
tumor biology. Indeed, various studies have previously
demonstrated a clear role for tissue mechanical properties
in controlling important morphological events, including
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blastopore (66) and neural tube closure (67) in amphibians
and gastrulation in amphibians (68) and fish (23), as well
as heart tube assembly in chicks (69). These studies, how-
ever, were for the most part performed using methods that
do not adequately model the tissue and essentially neglect
the relationship between the elastic properties of surface
and bulk cells. Our method is able to differentiate these
properties and may provide important clues as to how
changes in cell stiffness impact the overall mechanical prop-
erties of the bulk tissue. Tissue mechanical properties have
also been used in imaging modalities such as magnetic reso-
nance elastography to identify changes in the malignant
properties of brain tissue in murine models (70) and in the
brain (71,72) and liver (73) of human patients. These
methods are also quite informative, but require use of very
expensive equipment and do not easily lend themselves
to experimental manipulation of tumor tissue. Our in vitro
method is relatively straightforward and can be easily
modified to incorporate chemotherapy and other agents to
determine their effects on tumor mechanical properties
and to allow us to ultimately connect changes in stiffness
or viscosity to their molecular determinants.

APPENDIX A: VOLUME VERIFICATION AND 3D
SHAPE EXTRAPOLATION

We assume an axisymmetric oblate shape for aggregate. This assumption
is verified by tracking volume change during shape relaxation. A typical
volume evolution as calculated from Eq. 1 is shown in Fig. 9. The near-
constant volume (0.5% fluctuation) verifies our approach of extrapolating
the 3D shape from the 2D imaging.

APPENDIX B: ANALYSIS OF THE / = 4 MODE

Solution to the / = 4 mode provides
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FIGURE 9 Exemplary aggregate GBM with DMSO volume evolution
during shape relaxation. To see this figure in color, go online.
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This is the second dominant mode next to / = 2 in our experiments. The
signal to noise ratio for this mode is generally not amenable to meaningful
analysis in most experiments. However, occasionally, reasonable results can
be achieved. One example is provided here. Analysis of the 24 GBM
DMSO aggregates reveals 7574 =5.2+3.4 s and 7154 =41.2+325 s,

short long

compared with 7.2, = 8.4+3.3 sand Tfjnzg =46.9+11.3 5. Based on these
timescales, the mean values for 7; and 7, (the physical timescales as defined

by Eq. 4) are as follows:

)
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71 = 1068, T, = 4695

from the / = 2 analysis and

T = 12.6 S, Ty = 41.2s

from the / =4 analysis. The sets of values are very similar, although with some
expected deviations. This exercise attests to the consistency and validity of the
current theory. However, note that in general, the standard deviation in the
[ = 4 analysis is much higher due to the lower signal-to-noise ratio.

APPENDIX C: THEORETICAL EVALUATION OF
ENERGY CHANGE DURING ELLIPSOIDAL
DEFORMATION

The mechanical energy stored in bulk, Epy, and on the surface layer, Egyf,
upon deformation (and during natural relaxation) is evaluated by the formulae

AE‘bulk = /,LLbVll' VUdV7 AE‘surf = /UdA, (12)

respectively, where V is the volume, and A is the total surface area. The
moduli u; and o are considered constants to the leading-order accuracy. In
general, the displacement field u has to be known everywhere in the aggre-
gate to calculate AEyyx and AEg,s. Such information is not available with
the experimental setup of the current study. However, without losing gener-
ality, scaling analysis can still be performed using the measured evolution of
s2. We assume that the radial displacement field u, is linearly distributed
with respect to r, and the tangential displacement uy is temporarily ignored.
Then the following result can be obtained with u,(r,6) = s2rP>(cosf):

18 8
AEpy = — T, soR ) AEgys = gmngz, (13)
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FIGURE 12 Relaxation timescales versus compression duration for
GBM2 aggregates (n = 9). The same aggregate was subsequently subject
to compression for 5, 10, 20, 30, 60, and 120 s in duration. Error bars are SDs.
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4 1 N
4o DT ) (14)
3 ,uhR 15 T short

For the timescale ratios listed in Table 1, Eq. 14 suggests that AE,+ dominates
over AEp,k by an order of magnitude. This is illustrated in Fig. 10, which is
evaluated via Eq. 13 using the s, data in Fig. | b and ¢ = 8.6 mN/m,
up, = 5.16 Pa, and R = 308.2 um, all extracted for this particular case. Note
that the energy changes are normalized by AEq,s att = 0.

APPENDIX D: DEPENDENCE OF TIMESCALES ON
THE DEGREE AND DURATION OF COMPRESSION

No dependence of the timescales on the degree and duration of compression
was detected as demonstrated in Figs. 11 and 12. In Fig. 11, a and b, both
Tshort and Tiong are plotted against the maximal mode amplitude, 5 max,
for GBM +Dex (n = 32). Pearson’s correlation coefficients are 0.12
and —0.11, respectively, indicating very weak correlation. This behavior
is representative for all types we studied. The aggregate radius, R, also
shows no apparent correlation with s max. The result is shown for mean
values of each aggregate type in Fig. 11 ¢ (Pearson’s correlation coefficient
is 0.17) and for each compression for one aggregate type (GBM PDO03) in
Fig. 11 d (Pearson’s correlation coefficient is 0.14).

In Fig. 12, GBM2 aggregates were subject to compression duration of
5-120 s. The results demonstrate that these timescales generally have
weak to no apparent dependence on how long the aggregates are subject
to compression. Hence, we choose 30 s as the compression time for all
experiments performed in the proper text without losing generality.

SUPPORTING MATERIAL

One video is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(18)30496-X.
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