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Cellular aggregates (spheroids) are widely used in biophysics and tissue engineering as model
systems for biological tissues. In this Letter we propose novel methods for molding stem-cell spheroids,
deforming them, and measuring their interfacial and elastic properties with a single method based on
cell tagging with magnetic nanoparticles and application of a magnetic field gradient. Magnetic
molding yields spheroids of unprecedented sizes (up to a few mm in diameter) and preserves tissue
integrity. On subjecting these spheroids to magnetic flattening (over 150g), we observed a size-
dependent elastocapillary transition with two modes of deformation: liquid-drop-like behavior for
small spheroids, and elastic-sphere-like behavior for larger spheroids, followed by relaxation to a
liquidlike drop.
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The mechanical properties of biological tissues have
become a major focus of research with immediate impli-
cations for morphogenesis [1,2], and cancer [3]. One of the
earliest tissue models is the multicellular spheroid. Their
three-dimensional cellular organization gives to these
spheroids specific properties and functions that mimic
many in vivo characteristics, such as spatial cell-to-cell
interactions, and oxygen, nutrient, and metabolite gradients
[4]. They have been used to study embryonic tissues [5], as
a tumor model system [6], and for drug screening [7].
Experiments and simulations with spheroids, combined

with concepts from soft-matter physics, have helped to
unravel the properties of these biological objects which
variously round up, fuse, or sort out [8,9]. Steinberg was
the first to draw an analogy between embryonic tissues and
fluids [10,11]. He went on to formulate the differential
adhesion hypothesis, whereby cell-cell adhesion is respon-
sible for tissue surface tension [12]. More recent variants of
this hypothesis take into account the contribution of the
actin-myosin contractile network to the surface tension of
cellular spheroids [13–15]. Spheroids have also been
reported to behave as elastic solids at short time scales
(seconds to minutes) and as very viscous fluids at long time
scales (minutes to hours) [16,17], with cellular reorganiza-
tions (cell-cell rearrangements) during this transition [18].
Interestingly, the elastic properties of spheroids are mainly
due to cellular elasticity, and spheroids hence represent a
tool for probing the properties of thousands of cells at the
same time [19]. Several models (agent-based and continu-
ous) have been proposed to describe the mechanics of
spheroids and growing tumors [18,20–22], but more
experimental data are needed to validate them.
Few experimental methods are suitable for measuring

the interfacial and rheological properties of spheroids.

The compression-plate tensiometer [23,24] in which an
aggregate is deformed between two parallel plates, derives
the spheroid’s surface tension from its shape and the
compressive force at equilibrium. Micropipette aspiration
of a spheroid can also be used to determine its surface
tension, elastic constant, and viscosity, but only at a local
level [25]. Finally, the centrifugation force tensiometer
(100g) links spheroid flattening to its surface tension based
on the equilibrium shape [26]. However, the spheroid first
needs to be fixed, which may influence its shape and rules
out dynamic observation of its compression (inside the
centrifuge) and relaxation. Here we used a magnetic force
tensiometer as a simple alternative to the parallel plate and
centrifugation tensiometers to deform magnetically labeled
spheroids and study their mechanical properties. This
magnetic approach can be used to measure the surface
tension, elastic modulus, and viscosity of cellular spheroids.
The radius of spheroids so far produced has never

exceeded 150 μm, a limit imposed by the different pro-
duction techniques [27] (pending drops, micropatterned
microwells or surfaces, low-speed centrifugation or shaking
culture) and by the use of nutrient-dependent cells (nutrient
diffusion is poor at the core of the spheroid). Here we also
used magnetic force to assemble cells into spheroids of
controlled size. We developed a magnetic molding tech-
nique yielding spheroids of unprecedented sizes. Combined
with magnetic flattening of the spheroids thus obtained, we
were able to explore the effect of spheroid size on the
mechanical response and observed a size-dependent tran-
sition: below a critical radius the spheroids did not
experience an elastic regime, whereas above this radius
they went through an elastic-to-liquid transition.
We chose to use human mesenchymal pluripotent stem

cells (MSC, Lonza), which can be induced to interact with

PRL 114, 098105 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

6 MARCH 2015

0031-9007=15=114(9)=098105(5) 098105-1 © 2015 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.114.098105
http://dx.doi.org/10.1103/PhysRevLett.114.098105
http://dx.doi.org/10.1103/PhysRevLett.114.098105
http://dx.doi.org/10.1103/PhysRevLett.114.098105


one another by placing them in an aggregation medium such
as that used to induce differentiation into cartilage [28].
These cells readily handle nutrient starvation [29,30] and are
therefore capable of forming large and viable spheroids.
They were magnetized by adding iron oxide nanoparticles
(7 nm maghemite particles) to the culture medium (1 hour at
½Fe� ¼ 10−3 moll−1). These nanoparticles are taken up by
the endocytic pathway (26 pg of iron per cell), and do not
affect the cells’ behavior [31]. In particular, the cells’
differentiation capacity is unaffected, either by nanoparticle
incorporation [32], or by the magnetic field [28]. Moreover,
the nanoparticles are confined within endosomes (diameter
dendo ≃ 1 μm, and magnetic moment mendo ≃ 10−15 Am2,
Supplemental Material, Fig. S1 [33]). These endosomes are
mobilized by molecular motors, and the resulting effective
temperature (about 1000-fold the bath temperature [34])
prevents any potential mechanosensitive endosomal pull-
ing (kBTeff ≃ 10−17 J ≫ Fendodendo ≃ 2 × 10−19 J).
The magnetic cells were magnetically compacted, within

spherical molds (between 1 and 3 mm in diameter)
prepared in agarose gel. The mold manufacturing process
is described in Fig. 1(a). The larger the mold, the larger the
number of deposited cells [33]. The final diameters of the
spheroids were smaller than their initial diameters, showing
that the cells still contracted in these conditions [35]. This
technique yields spherical spheroids with a wide range of
diameters [Fig. 1(b)].
Before using these magnetic spheroids, it was necessary

to establish that the cells remained viable at the center of the
structure. Confocal microscopy of cryotome sections pre-
pared from the largest spheroids 20 hours after molding
[Fig. 1(c) and Fig. S2 for confocal microscopy pictures]
revealed only viable cells throughout the spheroid, by
contrast with a negative control produced in the same
molding conditions but in which cell death was induced by
holding the temperature at 45 °C for 30 min (Fig. S3). This
good survival can be explained by the cells’ resistance to
nutrient starvation and their short maturation time. The
nanoparticles were homogeneously distributed within the
spheroids [Fig. 1(d)], providing uniform magnetization.
Magnetophoresis (migration of spheroids across a uniform
magnetic field gradient in a viscous liquid, Re≃ 10−4)
showed that the bulk magnetization of the spheroids was
independent of their size, with an average value of MV ¼
472� 110 Am−1.
To prepare the magnetic force tensiometer, a cylindrical

neodymiummagnet (6 mm high and 6 mm in diameter) was
selected to generate a homogenous magnetic force per unit
volume (fV ¼ MV × gradB). Close to the surface (mag-
netic field of 470 mT) and within a cylindric volume 2 mm
high and 2 mm in diameter, the magnetic field gradient was
uniform (gradB ¼ 230 Tm−1). Spheroid flattening was
monitored in a home-made 37 °C thermostated container
enclosed by glass slides at the bottom (in direct contact

with the magnet) and on the sides (allowing camera
imaging) (Fig. S4).
To validate the approach, ferrofluid drops (aqueous

suspension of the nanoparticles used for cell labeling)
immersed in silicon oil and deposited on a silanized glass
slide (nonwetting conditions) were flattened [Fig. 2(a)], at
various drop volumes (1–5 μl) and iron concentrations
(125–500 mM) (Fig. S5). When placed right above the
magnet, the ferrofluid drops deformed instantaneously from
their initial spherical shape to an equilibrium shape (tem-
poral evolution in Fig. S6A). The equilibrium profile is
driven by the balance between surface tension (γ) and force
per unit volume (fV). The exact profile of the drops in
nonwetting conditions can be obtained by numerically
integrating the Laplace law for capillarity. The shapes of
the ferrofluid drops at equilibrium perfectly fitted the
Laplace profile [Fig. 2(a)]. The average surface tension
was γ ¼ 54� 1 mNm−1, in good agreement with the
classical sessile drop experiment performed with bigger
drops (Fig. S7).

FIG. 1 (color online). (a) Magnetic molding method to form
spheroids: (1) a thin layer of 2% agarose solution is poured into a
culture dish. (2) A cylindrical magnet (1 mm diameter) is placed
under the dish as the agarose is still liquid to attract a steel marble
of calibrated diameter. (3) The agarose solidifies as it cools down,
the marble is removed forming an hemispherical mold. The
surface of the mold is treated with an anti-adhesive solution of
PLL-PEG. (4) The culture dish is filled with aggregation medium.
The magnetically labeled cells are deposited in a small volume
above the well. The magnet attracts the cells and compacts them.
It is removed after 30 seconds. (5) The dish is placed in an
incubator (37 °C). Within 20 hours the aggregate is spherical.
(b) Typical spheroid images 20 h after molding. (c) Section of a
spheroid stained with hematoxylin and eosin that colors cyto-
plasm in pink and nucleus in purple around 20 hours after
molding. The morphology is characteristic of cells in good
condition. (d) Section of a spheroid stained with Perls reagent
that colors iron in blue.
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Magnetic cellular spheroids were then deformed in the
same conditions [Fig. 2(b)], corresponding to a mean
magnetic force per unit volume of fV ¼ ð1.2� 0.14Þ ×
105 Nm−3 (150g). The glass substrate was coated with
PLL-PEG to prevent cells from adhering to it (nonwetting
conditions). All the spheroids reached an equilibrium shape
after T∞ ¼ 1 hour of magnet application (Fig. S6), cor-
rectly fitting the Laplace profile [Fig. 2(b)] and providing a
surface tension of γ ¼ 18� 7 mNm−1 (average for 13
spheroids) independent of the spheroid size. Magnetic
flattening of droplets or spheroids, therefore, appears to
be a reliable tool for measuring their surface tension.
Each flattened spheroid can further be described by a set

of three lengths [Fig. 2(c)]: L (radius of the contact zone), h
(spheroid height) and R (initial spheroid radius). These
lengths have to be compared with the capillary length
κ−1 ¼ ðγ=fvÞ1=2 ¼ 390 μm. Figures 2(d) and 2(e) show Lκ
and hκ as a function of Rκ. Capillary laws govern the
asymptotic behaviors of Lcapκ and hcapκ [36]. For R ≪ κ−1,
surface tension predominates and the spheroids remain
spherical. The height hscap of the spheroid is 2R (hscapκ ¼

2Rκ), while the size of the contact zone Ls
cap increases as

Ls
cap ≃

ffiffiffiffiffiffiffiffi

2=3
p

R2ðfV=γÞ1=2, that is Ls
capκ ∝ ðRκÞ2. Above

the capillary length, R ≫ κ−1, surface tension is negligible,
leading to a puddle shape with a constant height (hpcap ¼
2κ−1) and a contact length Lp

cap varying as Lp
cap≃

ffiffiffiffiffiffiffiffi

2=3
p

R3=2ðfV=γÞ1=4, that is Lp
capκ ∝ ðRκÞ3=2. The exper-

imental data perfectly matched these predicted behaviors
(at T∞): Lcapκ depends on ðRκÞ2 below the capillary length
and on ðRκÞ3=2 above it. In addition, hcapκ was in good
agreement with the exact numerical integration of the
Laplace equation. This confirms the liquidlike hypothesis
at long time scales.

FIG. 2 (color online). (a) Ferrofluid drop before flattening (T−
0 )

and under magnetic flattening (Tþ
0 ¼ 10 s, same image at

T∞ ¼ 1 h). The Laplace capillary profile integrated numerically
with Matlab’s function ODE45 is superimposed (yellow line) on
the image. (b) Spheroid before flattening (T−

0 ) and at equilibrium
under magnetic flattening force (T∞), with Laplace capillary
profile in yellow. (c) Definition of the deformation parameters:
the height (h) and the radius of the contact zone (L). (d),(e) Radius
of the contact zone (d) and height (e) of ferrofluid drops and
spheroids at equilibrium (T∞) as a function of their initial radius.
All lengths are normalized by the capillary length κ−1. Asymp-
totic capillary laws and numerical integration of capillary laws are
shown in both plots.

FIG. 3 (color online). (a) Cellular spheroids before flattening
(T−

0 ), under magnetic flattening (Tþ
0 ¼ 10 s after the force

application), and after 1 hour (T∞). (b) Radius of the contact
zone (L) as a function of the aggregate’s initial radius (R) 10
seconds after the application of the magnetic force (Tþ

0 ) and at
equilibrium (T∞). (c) Role of fV in the elastocapillary transition.
For the capillary regime the two orange straight lines correspond
to the two asymptotic behaviors [Ls

capκ ∝ ðRκÞ2 and Lp
capκ ∝

ðRκÞ3=2]. Lcapκ is independent of fV . The predicted elastic
deformation Lelasticκ ¼ ½ð1 − σ2Þπ=E�1=3f1=6V γ1=6ðRκÞ4=3 is plot-
ted for the two fV considered (f�V < fV). In the R < RC region,
the dotted line represents the deformation that the spheroid would
have reached if it was purely elastic, here inaccessible because the
final deformation is imposed by the surface tension. For means of
clarity, only experimental data at R > RC and Tþ

0 (full and open
squares) are presented (they are slightly different to those shown
in Fig. 3(b), because each is normalized by its corresponding
capillary length and not the mean capillary length).
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Is there then any regime in which spheroid elasticity
predominates? Whereas the change from the initial to
equilibrium shape was instantaneous for ferrofluid drops,
spheroids displayed time-dependent behaviors that varied
with their size [Fig. 3(a)]. At short time scales (Tþ

0 ≃ 10 s),
both small and large spheroids underwent reversible
deformation. At longer time scales, the profile of the small
spheroids no longer evolved, while the larger spheroids
continued to deform irreversibly until they reached their
equilibrium shape (T∞ ¼ 1 h).
The effect of the spheroid’s size on the mechanical

response is illustrated in Fig. 3(b), where L at Tþ
0 and T∞ is

plotted as a function of the initial radius R. A critical radius
RC (between 350 and 400 μm) clearly forms a frontier
between two behaviors. For R < RC, the deformation of the
spheroid at Tþ

0 and T∞ is the same. For R > RC, L initially
(at Tþ

0 ) varies as R
4=3
0 , corresponding to purely elastic solid

behavior, as described by the Hertz theory for an elastic
sphere of initial radius R, elastic modulus E, and Poisson
ratio σð¼ 1=2Þ∶ Lelastic ¼ ½ð1 − σ2Þπ=E�1=3f1=3V R4=3. The
fitting of the elastic behavior provides the elastic modulus
of the spheroids: E ¼ 660� 120 Pa. This value is similar
to values reported for murine sarcoma cell lines [25] and
embryonic liver tissue [17], as well as the individual
Young’s modulus of MSC [37]. At longer times T∞, L
varies as R3=2, reflecting liquidlike behavior.
Spheroids have two ways of deforming [17] before

reaching their capillarity-driven equilibrium shape: first,
rapid elastic deformation of individual cells in the aggregate,
then a more viscouslike response where cells rearrange.
These two regimes of deformation are clearly reflected by
the temporal evolution of the spheroid height, which follows
a two-exponential times law (Fig. S6) with a first character-
istic time around 10 s and the largest one of 1200� 150 s.
The effective viscosity extracted from the long-time viscous
behavior thus writes η ¼ Eτ ¼ ð7.9� 2.4Þ × 105 Pa s. This
estimate is in agreement with other values of cellular
spheroid viscosities [14,25].
Let us now focus on the critical radius RC, which

delineates the capillary-to-elastic transition at short times
(Tþ

0 ). The maximal spheroid’s deformation length is
imposed by Lcap. For spheroids with an initial radius
smaller than RC, the rapid elastic deformation is suffi-
cient to immediately reach the equilibrium shape
(Lelastic > Lcap), whereas cell rearrangements are required
for spheroids with an initial radius larger than RC
(Lelastic < Lcap). RC is thus defined by equalling
Lelastic ¼ Lcap. As the transition occurs slightly below
κ−1 (spherical case) in the present system, we consider
only Ls

cap (the puddle case L
p
cap is commented on Fig. S8),

and we can derive Rth
C ≃ ð3=2Þ3=4½ð1 − σ2Þπ=

E�1=2γ3=4f−1=4V . In addition to the experimental data
obtained at fV ¼ 1.2 × 105 Nm−3, we performed a second
series of experiments at a smaller force (f�V ¼ fV=12 ¼
ð1� 0.1Þ × 104 Nm−3, κ−1� ¼ 1350 μm) obtained by

reducing the cellular iron dose (cell incubation at
½Fe� ¼ 1.5 × 10−4 moll−1 for 30 min). For such lower
force, we could not cover a wide range of sizes as the
deformation was only measurable for large spheroids.
Figure 3(c) presents the theoretically predicted deformation
regimes: capillary Ls

capκðRκÞ and elastic LelasticκðRκÞ
for these two forces (fV; f�V). The experimental L
values obtained at (fV , T

þ
0 ) and (f�V , T

þ
0 ), also plotted in

Fig. 3(c), are in good agreement with the theoretical
predictions. To conclude, a 12-fold decrease in fV results
in a twofold increase in RC, from Rth

C ¼ 213� 90 μm at fV
to Rth�

C ¼ 398� 166 μm at f�V . The predicted Rth
C at fV is

within the same range as the experimental value shown in
Fig. 3(b) (the small difference is probably due to the fact
that the transition happens close to the κ−1 zone). For
information, gravity alone would lead to a critical
radius Rth

Cð1gÞ ∼ 800 μm.
In conclusion, we placed magnetic nanoparticles inside

stem cells, giving them magnetic properties without affect-
ing their functions. We developed a magnetic molding
technique capable of creating spheroids with a wide range
of sizes. Magnetic flattening was achieved in a simple
experimental setup in order to deform spheroids and
monitor it in real time. By combining these unprecedented
magnetic techniques, we observed two different behaviors
depending on the size of the spheroids. This Letter provides
a tool of choice for remote manipulation of tissues and
subsequent investigation of their mechanical properties.
Quantitatively, the magnetic force tensiometer provided a
simple means of measuring the surface tension of multi-
cellular spheroids, and their elastic modulus. The use of
an electromagnet instead of a permanent one will allow us
to investigate the frequency-dependent rheology of multi-
cellular spheroids. The method can also be translated to
study nonbiological elastoviscoplastic materials. Similarly,
active cellular processes (mechanosensing, division, apop-
tosis, etc), could be explored, and compared to active
nonbiological matter.
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