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The rheology of spheroids has been studied intensively recently and it was shown that the presence
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of the extra-cellular matrix (ECM) can have significant effects on the overall behaviour of these

biological systems. Collagen-I can indeed be a proxy between cells and bring new intriguing effects,

as its content increases. To investigate these effects further, a two-phase emulsion model is proposed

including interactions between cells and the ECM. Starting with the single cell and collagen individual

viscoelastic properties, such a model can be tested against previously obtained data for spheroids.

The model has interesting features and capabilities for it covers a variety of behaviours and uses fitting

parameters such as cell concentration and interfacial tension. It is shown that the final intercellular

collagen content can be large as compared to the initial one, and that an increase in collagen content

induces a larger packing of cells.

1 Introduction

Spheroids are very interesting 3D biological systems, and good
candidates to describe tumoursl. Although there has been a
growing interest recently>™, their mechanical properties are not
yet satisfactorily understood. Indeed, cells packed together corre-
spond to a concentrated suspension”, but the extra-cellular ma-
trix embedded into the system, or secreted by cells makes the
picture harder to describe. In addition cells are viscoelastic, and
especially cancer cells are known to exhibit different mechanical
signatures®3, in particular when in contact with various sub-
strates®14 or micro—environments!12, A few studies have focused
on the effect of extra-cellular matrix (ECM) and its potential role
to change the rheology of the spheroids. In particular, ECM can
be considered as a proxy1® acting as a porous material drained by
water or the culture medium present in the spheroidZ, But the
influence of a larger collagen content may allow the building up
of a new microstructure also responsible for the larger mechan-
ical moduli observed1®. It is definitely accepted that the whole
spheroid is viscoelastic, due to the presence of cells embedded
within the ECM - a gel-like system — with liquid medium. Prob-
ably the best way to model the behaviour of such spheroids is
to consider the ECM-water surrounding medium as a gel with
viscous and elastic properties. Such ECM properties have been
studied extensively in the literature in the linear and nonlinear
regimes12723, In addition the gel biopolymers enable cells to bind
or adhere within connective tissues or other situations to allow
stress transfer24,

In this work we propose to study spheroids consisting of two
phases, i.e. the ensemble of cells and the collagen matrix. We use
the matrix mechanical properties as well as individual cell prop-
erties in contact with a similar environment, that is to say when
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they are surrounded by other cells. Then we study the predictions
of a viscoelastic emulsion model, valid for large concentrations
in order to obtain the whole spheroid rheology. This is carried
out in details by varying parameters. Finally we optimize these
parameters to predict previous results1® obtained for spheroids
containing an excess of collagen.

2 Materials and methods

Collagen was prepared according to the manufacturer protocol
(Corning). Rat tail collagen I was mixed with PBS (1X) and NaOH
(1M) was added at 4°C until the correct pH was obtained (7.4).
Then it was let to polymerise at 37°C for 30 minutes. These col-
lagen properties were measured as described in previous work2,
Briefly, classical rheometry tests at 37°C using parallel plate ge-
ometry (20mm-diameter) were carried out in oscillatory shear
mode in the [0.03Hz-10Hz] range. Then experiments using AFM
in force modulation mode were carried out following a previous
method2%27 ysing indentation of a flat collagen surface (in PBS)
with a pyramid AFM tip (half angle 6 ~20°). An initial indenta-
tion &, was applied, followed by small oscillations (6§ << 1) in the
linear regime, thus allowing to measure the complex shear mod-
uli G*() = 535245 { 5 ~i0b(0) }, where G"=G'+iG", G and G'
were respectively the elastic and loss shear moduli, v was the
Poisson ratio (v ~ 0.5), F* and 6* were the complex force and
indentation, and the last term was the drag on the surrounding
liquid, with b(0) being a coefficient containing the geometry of
the system as well as the fluid viscosity2®. Using these comple-
mentary experiments, the range [0.03Hz-1kHz] was covered.

T24 cells (epithelial bladder cancer line) were cultured in RPMI
medium with 10% FBS and 1% penicillin-streptomycin. They
were seeded on different Polyacrylamide substrates (5, 8, 28
kPa) as well as a biological one, consisting of Human Vascu-
lar endothelial Cells (HUVECs), as discussed previouslyzs. AFM
measurements were carried out with a pyramidal tip (half an-
gle 6 ~20°) for their viscoelastic shear moduli G’ and G" at 37°C
(same method as above). The influence of the substrate was taken
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into account in order to correct for substrate effects. As it was im-
portant to find a relevant micro-environment for these cells, like
in a real spheroid, it was preferred to use their properties when
they were in contact with the biological substrate, in this case the
endothelial cells.

Spheroids were prepared in 15ulL hanging droplets contain-
ing 5,000 T24 cells in culture medium and collagen (0 or 0.01
mg/mL or 0.03 mg/mL) as described previously!®. A spheroid
was formed after three days. Spheroids were transferred into a
Petri dish for AFM measurements at 37°C. A large tipless can-
tilever (Nanosensors, TL-NCL model, length 225 um, width 38
umf’) was chosen for these measurements in force modulation
mode, in order to make a plane-spherical contact. Viscoelastic
data was obtained in the range [1Hz-1kHz]. The other spheroids
were kept for confocal microscopy imaging.

3 Properties of the collagen matrices

After collecting data from classical rheology and AFM, results
were plotted on the same graph, as a function of frequency.
Matching of the two tests was found to work nicely as previously
shown for PolyAcrylamide samples?Z. Such results are shown in
Fig. |1} A typical power-law behaviour?? was found for both G’
and G" at different collagen concentrations (c=1, 2, 4 mg/mL)
usually in the range [0.05Hz-10 Hz] and both G’ and G" increased
faster in the high frequency range. Note that the measured values
of the moduli were usually smaller as compared to cell’s values®.
Finally fitting of the data was achieved using simple power-laws
as described below.
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Fig. 1 Rheological properties of the collagen matrix for three concentra-
tions: Img/mL, 2 mg/mL and 4mg/mL. Data are collected from classical
rheology (0.01 Hz-10 Hz) and AFM rheology (1 Hz-1 kHz).

4 Cell properties

To investigate cell rheology, it was necessary to consider cells
in the proper environment as it is known that the micro-
environment plays a role on their cytoskeleton organization,
therefore changes cellular mechanical properties®1¥, Cells within
a spheroid are surrounded by other cells therefore it is convenient
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to use such a micro—environment''2. Unfortunately, using AFM, it
is hard to have access to the cell mechanical properties within the
tissue, expect if one uses other techniques such as bead tracking
microrheology=?. Here we preferred to use those cells properties
(T24 epithelial bladder cancer cells) obtained when in contact
with other cells of similar stiffness®. Indeed, after studying T24
cells plated on substrates of different stiffness and on endothe-
lial cells, it was found that endothelial cells are the best substrate
because they could mimic the environment (see Fig. 1F in pre-
vious work?®), This choice was motivated by our undertaking
to represent the dynamic shear properties of the T24 cells used
in our spheroids. Fig. |2| below represents the G’ and G" mod-
uli obtained as cells are in contact with an endothelium mono-
layer, with stiffness ~ 8 kPa, corresponding precisely to T24 cell
rigidities, E ~ 3 G’(1.4Hz) ~ 8 kPa?®, This represents closely the
micro-environment felt by the cells in the spheroid!2. The fre-
quency range was chosen from 1 Hz to 1 kHz as was the case in
the aforementioned work.
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Fig. 2 Rheological data of T24 cells, in contact with an endothelium
monolayer, as a close representation of the cell's environment found in a
spheroid.

5 Two-phase model with interfacial tension

5.1 Emulsion model

We started with the original work on emulsions carried out by
Palierne in the 90s132, The two—phase model described for poly-
meric or viscoelastic systems requires the knowledge of complex
shear moduli obtained for small deformations, i.e. in the linear
regime. The model has been used mainly for two—phase poly-
meric systems (see for example the work on polymer blends=3).
Nevertheless it may be used for materials such as gels or cellular
media exhibiting known viscoelastic properties. Here the medium
had a characteristic complex modulus G},(®) whereas the inclu-
sions have modulus G} (®). The volume fraction of the inclusions
is ¢ but different inclusions may be considered with different sizes
and concentrations (in case of heterogeneous sizes). Here we as-
sumed that only cells with a typical radius R coexist, which is



usually the case since cell size is roughly constant. In this case,
G*(w), the average modulus of the spheroid, i.e. cells embedded
in the collagen matrix, is written as, in the case of non-diluted

emulsions=1:
% « 1+3¢H*
G'(0) = Gol0){ i) o)
where the function H*(w) is defined as:
4o * * * e "
() = R 20n(©) +5G] ()] + G (@) - Gy (o)D" (@) )

R
R G (@) + G (0)] + 26} (@) +3G, (@)D" ()

after defining D*(w) = 16G;,(0) + 19G} ().

In this formula, o is the interfacial tension and may be con-
sidered here as an interaction energy per unit surface between
cells and the matrix. It will be significant when cells adhere a lot
to the matrix or are able to make a sufficiently large number of
bonds. This should be the case possibly at high collagen content.
Note that for the case of dilute emulsions, Eq[2]is different and
should be replaced by G*(®) = G};,(w)(1+ 3¢H*(w)). In particu-
lar, this allows to recover the usual Einstein’s formula=? for two
Newtonian fluids.

To summarize, we could use this model based on the cell prop-
erties G} (w) determined previously and the gel properties G, (®),
known for different collagen I concentrations. Note that the colla-
gen concentration is unknown within the spheroid, and similarly
¢, the cell concentration is to be determined. ¢ should be large
since most of the spheroid is made of cells, and one could expect
the ECM content to be in the range 1-15%", assuming that cells
make their own matrix. The other running parameters are «, the
adhesion energy per unit area (in N/m), and R the cell radius, but
the latter one is known since such T24 cells usually have a radius
of 10um + 1um.

In a first approximation, we noticed that collagen is much less
elastic (and viscous) as compared to the cell behaviour. There-
fore, we could neglect the viscoelastic part in Eq (). This im-
plies that D*(w) ~ 19G}(w) and H*(®) ~ % therefore G*(w) ~
G (o) ITL;‘P . So G*(w) scales with the matrix complex modulus

G*(w), with the prefactor 1?7 .gq) . Note that a small collagen con-

tent like 5% gives ¢ = 0.95 therefore a prefactor of 48.5. Values
of the prefactor are shown in the Table [T below.

Table 1 Values of the prefactor

¢ 0.05 0.1 0.3 0.5 0.7 0.9 0.95
T

5% 113 128 207 35 68 235 485

This shows that even though the collagen modulus G},(®) is
rather small (Plateau of G’ around 200 Pa), as compared to cell’s
moduli (Plateau of G’ at 2,000 Pa), the amplification due to spher-
ical inclusions such as cells can be large and could lead to the high
values obtained in spheroids=&.

The formula originates from analysis of the effect of the adhe-
sion energy a. If oo/R becomes very small as compared to the
other moduli (and collagen moduli are neglected vs. inclusions
moduli) then the function H*(®) again becomes independent of

o and is close to 1/2. At this stage, if we briefly compare with
the results of our previous work:8, we notice that the moduli in-
crease with collagen content (decreasing ¢). On the order hand,
the previous equation predicts decreasing moduli. Therefore it
seems important to consider the effect of all parameters: we con-
sequently check the influence of /R, ¢, G} (w) and G;,(®») upon
the numerical results.

5.2 Application to the rheology of spheroids

We have at our disposal the data from a previous study where
collagen was added when making spheroids®. Three initial con-
centrations were used: 0 mg/mL, 0.01 mg/mL and 0.03 mg/mL.
This does not mean that the local collagen content is the same
when the spheroids are formed. Indeed spheroids were prepared
in hanging droplets rich in collagen and cells used it to adhere
and exhibit a round shape. The same T24 cells were used for
this study. Fig. [3| shows typical confocal microscopy images of
such spheroids elaborated using these three initial collagen con-
tents: 0, 0.01 mg/mL and 0.03 mg/mL. As shown in the red
channel, the reflectance of collagen is enhanced at higher col-
lagen content, thus allowing to check the presence of collagen in-
side the spheroid. Cells (green channel) seem to form nice round
spheroids except for the first case where no collagen was added.

Fig. 3 Confocal microscopy images of spheroids prepared using T24
cells in hanging droplets, containing different initial collagen contents:
Omg/mL, 0.01mg/mL and 0.03mg/mL. Adapted from Tsvirkun et al.18.

We will model the different phases of the spheroid. The first
one was collagen. Using the previous data in Fig. [1} it was found
that the collagen behaviour varies according to power laws versus
frequency f. Fits of our previous data give the respective formulae
for the three contents, as also shown in Fig. [1} For 4 mg/mL, we
find G'(f) = 200 % 005 420 % 95 and G”(f) =25+ 2% f. For 2
mg/mL, G'(f) = 45 f00 +4.5% 0 and G’(f) =9+0.65% f, and
finally the lowest collagen content, 1mg/mL, gives G'(f) = 6 x
005 4 3% #05 and G”(f) = 1.4+0.12 % f, where f is in Hz, and G/,
G' are in Pascals (Pa). Remarkably, these power law exponents
are independent of the concentration, so only the prefactors are
different.

Similarly, we predicted the behaviour of the viscoelastic re-
sponse of T24 cells, as shown in Fig. The moduli behave as
G'(f) =2800% fO97 4 1.0% 15 and G”(f) = 300 fO1 479« 083,
T24 cells exhibit a plateau at the lowest frequency (1.4Hz) cor-
responding to an elastic modulus E ~ 3G’ ~ 3(2700) ~ 8100Pa,
similar to the elastic modulus of endothelial cells28.

Let us now consider the effects of the main parameters. Re-
garding the effect of modulus G}, cells are assumed to have the
behaviour depicted in Fig. |2 so this modulus is fixed. Then the
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values of the collagen modulus G}, can be changed depending on
its content within the gel (see Fig.[I). Finally, the roles of the cell
content (¢) and the adhesion energy per unit area (¢ /R) will be
studied.

5.2.1 Effect of collagen matrix within the spheroid

Here we consider the case ¢=0.8 which corresponds to typical
cell concentration, as seen for example in Fig. For this case,
we used @=10.0 mN/m with R = 10um. Plots of G’ and G” are
shown in Fig.
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Fig. 4 Predictions of the two—phase emulsion model for 80% cell con-
centration, a/R=10° Pa, at collagen contents 1mg/mL, 2mg/mL and
4mg/mL.

As expected, spheroids moduli increase with collagen content,
as could be seen by inspection of formulae (I}j2)), where the colla-
gen complex viscoelastic modulus G;,(®) appears as a prefactor.
It is found that the resulting properties of the spheroid are in the
range of the data previously reported!®, and this will be studied
further below.

5.2.2 Role of the cell concentration

Next we studied the role of cell concentration. Usually, in
spheroids, cells are closely packed but the presence of collagen,
as seen in confocal microscopy (Fig.[3) suggests that the intercel-
lular space can be affected. It has been estimated that the ECM
content can sometimes reach ~ 15% in cases where cells make
their own ECM=. Therefore, we selected typical concentrations
between 0% and 20% for the collagen gel, leading to cell concen-
trations between 80% and 100%. For this case we used the low
content of collagen (1mg/mL) and o /R=103 Pa. Simulations are
shown in Fig[5] It can be concluded that cell concentration has an
important effect on the results, especially due the large difference
between matrix and cell’s moduli.

5.2.3 Effect of adhesion energy between cells and the matrix

Regarding the effect of the adhesion energy, we chose to study
realistic values a of 0.3, 3, 30, and 60 mN/m at a cell density of
¢=0.9, and medium collagen content properties corresponding
to 2mg/mL. This is shown in Fig.[f]
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Fig. 5 Predictions of the two—phase emulsion model for various cell
concentrations 80%-100%, a/R=10° Pa, at 1mg/mL collagen content.
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Fig. 6 Predictions of the two—phase emulsion model for various adhe-
sion energies 0.3-3-30-60 mN/m, with R=10 um, at 2mg/mL collagen
content, and ¢=0.9.

To summarize results from Fig. [6] it appeared that the role of
o/R was not so important, with the parameters chosen and the
values of the current viscoelastic parameters. Probably this comes
from the range of frequencies studied where its effect is not im-
portant33, Thus o/R was not used extensively to match the final
spheroid behaviour, and a mean value of ¢=30 mN/m was cho-
sen in what follows.

5.2.4 Optimizing emulsion model parameters for real
spheroids

Finally, real spheroid properties were considered within the [1Hz-
1kHz] range as previously described using AFM microrheology
in plane-sphere contact¥, Measurements were carried out in
a manner similar to the one proposed on tissues>. Measure-
ments display typical slopes as a function of frequency. To fit
the data, parameters were optimized as follows. We adjusted the

concentration ¢ (typically between 0.5 and 1) and the collagen



concentration varied from O to 4 mg/mL. Results are shown in
Fig. Fittings were in very good agreement with experimen-
tal data, even though slight discrepancy between data and model
predictions are noticed at low frequencies. Here is a summary of
the parameters used.

G' & G" (Pa)

G'(0.03)
G"(0.03)
G'(0.01)

oe

oe

TTT T T T[T T T T T T T T TI] T
01 1 10 100 1000
f (Hz)

Fig. 7 Spheroid properties for three collagen initial contents 0 mg/mL,
0.01 mg/mL and 0.03 mg/mL (data from previous work8). Fits using
optimal parameters with the emulsion model: a/R=30mN/m, 2mg/mL
collagen content, and respectively ¢=0.82; ¢=0.95 and ¢=0.97.

* 0 mg/ml. For this case, there is no collagen, but cells se-
crete their own Extracellular Matrix (ECM) therefore we as-
sumed there was some collagen at a given concentration of
2 mg/mlL, which is the optimal concentration for the three
cases. We find ¢=0.82.

* 0.01 mg/mL. We find that the optimal parameters are
¢=0.95 and a corresponding concentration of 2 mg/mL.

* 0.03 mg/mL. We find an optimal ¢=0.97 for a correspond-
ing collagen concentration of 2 mg/mL.

The table below summarizes these features:

Table 2 Summary of parameters

Initial collagen (mg/mL) 0 0.01 0.03
Optimal ¢ 0.82 0.95 0.97
Intercellullar space 18 % 5% 3%
Collagen content (mg/mL) 2 2 2
Adhesion energy/unit area (mN/m) 30 30 30

For the 0 mg/mL case, it is probably true that there is a certain
amount of ECM as shown in Fig. |3} but cells appear not so much
in contact with each others, therefore the 18% volume of inter-
cellular space as predicted by the model seems to be a reasonable
value. There is discrepancy in the data as mentioned beforell® be-
cause of this lack of adhesion leading to non spherical spheroids.

For the other two cases, an optimal collagen concentration of 2
mg/mL seemed to be a suitable number, in agreement with con-
focal microscopy (see large amounts of collagen in Fig.[3). Finally

cells seemed to be more densily packed in the second case (0.03
mg/mL), meaning that collagen helps cells to bind and plays the
role of an interstitial layer enhancing the microstructure as well
as the viscoelastic properties.

6 Discussion

The rheological properties of spheroids are of great importance in
order to understand how microstructural changes evolve in time,
and how such mechanical effects can undergo changes, giving rise
to invasion of tumours and/or the formation of metastasis. In ad-
dition, their growth is also a topic of major interest=6"32 depend-
ing largely on the micro-environment. Interesting studies have
shown the effect of collagen on such processes, in particular the
micro—environment can be relevant to determine cancer progres-
sion and prognosis4%#2, In this work, we investigated the role
of collagen on the viscoelastic properties of spheroids grown dur-
ing 3 days1®, in culture medium containing an excess collagen I
(various concentrations). Using a former model particularly well
adapted to viscoelastic behaviour, we studied the possible effects
related to ECM (collagen I) density, cell concentration and adhe-
sion effects. This was assessed by modeling frequency—dependent
individual cell and collagen properties (Figs[1}2). Based on these
properties, we used an emulsion two—phase model®132 able to
recover the spheroid viscoelastic data.

The effect of collagen (Fig. @) and cell concentration (Fig[5]
were seen to have significant importance whereas the role of ad-
hesion energy (between cells and the matrix) was less significant,
due to the frequency range used in the experiments. Indeed a
previous work=3 reported this role and found it to be relevant
only at lower frequencies, where the terminal relaxation time is a
function of surface energy. To improve this feature, other models
including poroelastic effects may also be considered=.

After analyzing the results on three different spheroids'€, pre-
pared with various initial collagen concentrations (0 mg/mL —
0.01 mg/mL - 0.03 mg/mL) we used the emulsion model to op-
timize the parameters and came up with the best possible fits
(Fig.[7). The results of the model were found to be in very good
agreement with the experiments. We noted a small discrepancy at
the low frequencies for the case of the spheroids prepared without
collagen. This was explained by the absence of a dense structure
as exhibited on the confocal images (Fig. [3). Still the agreement
found was interesting as it motivates further effects in view of
the parameters investigated. In particular, the packing of cells
within the spheroid seems to be linked with the presence of col-
lagen forming a dense meshwork, enabling cells to connect with
each others, in the presence of adhesion molecules (cadherins
for instance¥). As the initial collagen content was increased,
it was shown that cells were able to pack more closely — which
was rather unexpected — this giving rise to a higher cell content,
therefore to higher viscoelastic moduli (see Figs[I}2).

To go beyond this result, we can analyse the ability of the model
to predict various slopes, like the ones observed experimentally
for cells20128145H48! and spheroids®1®, The dependence on fre-
quency at low rates is usually weak for cells or ECM (slopes typ-
ically 0.1-0.3), whereas it can become larger at higher frequen-
cies (~ 1 for G") with a possible exponent of 0.5 for poroelastic
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materials12. The slopes found here using the model correspond
to the complex combination of the viscoelastic properties of both
the ECM and the cell’s properties. The model leads to a rich va-
riety of spheroid viscoelastic properties, with power-law depen-
dencies??. Hence it would be interesting to study spheroids in
more in detail in the future, for example when using different cell
types or ECM leading to different microstructures®?, or during
the growth of tumours®3839, These microstructures should be
minutely analyzed further using confocal microscopy at smaller
scales, in order to extract the basic relationships or forces involved
in such interactions.

7 Conclusions

The rheology of spheroids has insufficiently been studied so far.
Here we used previous viscoelastic data on spheroids measured
with an AFM, as well as the individual response of the other com-
ponents (i.e. cells and collagen). Results were compared with
the predictions of an emulsion model including interfacial en-
ergy. The results are in very good agreement with the experi-
ments. They show that the final spheroid microstructure contains
dense collagen regions within the intercellular spacing. Finally
an increase of initial collagen concentration leads to an improved
compactness of the spheroids with a smaller intercellular spac-
ing. Thus collagen plays the role of a connecting layer between
the cells and improves spheroid stability. With this model, future
predictions regarding time-dependent spheroid growth should be
possible.
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