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ABSTRACT Cells tend to form hierarchy structures in native tissues. Formation of cell aggregates
in vitro such as cancer spheroids and embryonic bodies provides a unique means to study the
mechanical properties and biological behaviors/functions of their counterparts in vivo. In this
paper, we review state-of-the-art experimental approaches to assess the mechanical properties and
mechanically-induced responses of cell aggregates in vitro. These approaches are classified into
five categories according to loading modality, including micropipette aspiration, centrifugation,
compression loading, substrate distention, and fluid shear loading. We discussed the advantages
and disadvantages of each approach, and the potential biomedical applications. Understanding
of the mechanical behavior of cell aggregates provides insights to physical interactions between
cells and integrity of biological functions, which may enable mechanical intervention for diseases
such as atheromatosis and cancer.
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I. INTRODUCTION
Most cells exist in a format of cell aggregates in vivo, which are defined as cell clusters that ag-

gregate and/or interact with each other, including loose cell clusters and compact spherical clusters
(i.e., spheroids)[1]. Cell aggregates play an important role in many cellular processes, such as tissue
functionality[2], embryonic development[3] and cancer metastasis[4]. Under physiological conditions, cells
tend to form some basic functional units (e.g., lobules in the liver, nephrons in kidney, islets in pancreas),
which are integrated into tissue structures. For example, liver is made up by many hepatic lobules, which
are small histological and functional units of liver tissue. These lobules are essentially cell aggregates that
are comprised of hepatocytes. In vitro studies show that hepatocyte aggregates rather than single cells
exhibit hepatic specific function[5]. Other cell aggregate types include lacuna in bone or cartilage, and
alveoli in lung. In addition, cells form aggregates during embryonic development (i.e., embryonic body
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(EB)), which control the developmental direction when interacting with extracellular matrix (ECM) in

vivo [6] and in vitro[7]. Further, cell aggregates promote cancer metastasis, resulting in the development
of drug resistance[8], tumor growth[9] and invasion[10] to adjacent and remote tissues. Thus, insight to
the features of cell aggregates (e.g., structure and mechanics) is of importance to understand various
biological behaviors and to explore the mechanisms to restrain disease progression.

Studies have shown that the mechanical properties of cell aggregates and their interaction with
microenvironment have significant effects on functionality and biological behaviors. For instance, stem
cell differentiation strongly depends on the relative elasticity or stiffness of microenvironment. As
reported mesenchymal stem cells (MSCs) promote differentiation towards neurons, muscle lineages, or
osteoblasts with increasing stiffness of culture substrate[11]. EB growth and differentiation in three-
dimensional (3D) structures were inhibited when the elastic modulus of scaffold increased from 16 to 34
Pa[12]. On the other hand, the mechanical properties of tissue significantly affect cancer progression[13].
Changes in cancer ECM mechanics activate integrins through Erk and Rho signaling, which can enhance
the stiffness of ECM[14]. Besides, engineered microscale cellular units can be used to mimic native
functional units[15], and they can be assembled into larger constructs in vitro[16,17], where mechanical
forces also play an important role in this process.

With advances in micro- and nano-technologies, various methods have been developed to explore
the mechanical and biological behaviors of cell aggregates. In this paper, we present advances in the
mechanical testing methods of cell aggregates, including micropipette aspiration technique, centrifugal
force method, compression loading method, substrate distention method, and methods based on fluid
shear stress. We also discussed the advantage and disadvantages associated with each method.

II. EXPERIMENTAL APPROACHES FOR STUDYING

CELL AGGREGATE MECHANICS
2.1. Micropipette Aspiration

The micropipette aspiration technique is one of the common methods for studying the mechanical
properties (e.g., deformation and adhesion) of single cells and cell aggregates. The deformation of
single cells or aggregates is induced by a negative pressure, which is applied using a microfluidic device
containing two hydraulic pressure control systems (Fig.1)[18]. Briefly, cell aggregates are placed a cell
chamber and aspirated using a micropipette, which is filled with medium and connected to a hydrostatic
system. The hydrostatic system consists of a reference reservoir and a variable reservoir, where the liquid
level of the reference reservoir is adjusted to be the same as that in the cell chamber. The micropipette,
precisely controlled by a micromanipulator, is used to move cell aggregates. Suction pressure is then
applied to cell aggregates, which equals to the pressure difference between the variable and reference
reservoirs. The resultant morphology change of cell aggregates is recorded using an inverted microscope.
The microscopic images are used to analyze the deformation of cell aggregates, which may be compared
to numerical simulation (generally finite element modeling) to obtain mechanical properties of cell
aggregates (e.g., Young’s modulus)[19].

Compared with earlier models, more accurate rheological interpretation of micropipette aspiration
experiments has been carried out, enabling prediction of subcellular stress and deformation in response
to physical forces[20,21]. The micropipette aspiration technique has also been improved in precision
using micropipettes of different shapes, specifications and functional properties[22]. The micropipette
aspiration method can also be modified to study mechanical interactions between adjacent cells via
double micropipette aspiration[23]. The micropipette aspiration method offers several advantages, such
as high precision[24], easy standardization and good reproducibility (Table 1). However, there are also
several limitations associated with this technique: i) both the inner diameter and focusing error of the
micropipette need optical correction; ii) the micropipette taper needs measuring and compensating.

2.2. Centrifugation

The centrifugal force method is generally used to characterize the adhesion force between cells and
basement (Fig.2) . A case in point is that adhesion force between HT1080 cells and Tat-immobilized
96 well plate is quantified by applying a buoyant force. First, HT1080 cells are placed in a medium
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Fig. 1.Micropipette aspiration technique. (a) Schematic of the setup for micropipette aspiration technique; (b) Micropipette
aspiration system. Negative pressure is induced using a microfluidic device containing two hydraulic pressure control
systems: one is used to precisely control microscopic movement of a micropipette, and the other to control the negative
pressure produced by the micropipette to adsorb cell aggregates.

Table 1. Experimental approaches to studying cell mechanics of cell aggregates

Mechanical parameters Precision Reproducibility References

Micropipette aspiration Viscosity coefficient, elastic modulus High Good [19–21]
Centrifugation Viscosity coefficient Low Poor [25,26]
Compression Elastic modulus Low Good [29,31]
Substrate distention Viscosity coefficient, elastic modulus Low Good [33,34,37,43]
Fluid shear Viscosity coefficient, elastic modulus Low Good [49–51,60]

Note: Spherical shape of cell aggregates was used in the reported literature.

that has a density higher than the cells. As such, cells are subject to cell adhesion, gravity and buoyant
forces[25]. Upon applying increasing centrifugal force, weak and strong cell adhesion between cells and
the plate can be distinguished according to their resistance. Via close monitoring of the whole process,
the morphology of cell aggregates can be recorded and used to characterize the mechanics. This method
has also been used to measure the surface tension of cell aggregates[26]. The centrifugal force method is
simple and accurate to measure the cell aggregates mechanical properties, and it can be extended to a
wide variety of cell-matrix and cell-cell interaction studies[27]. However, cell aggregates suspended in a
matrix cannot reflect real cell-living environment in vivo, since cell aggregates are not attached to the
matrix. Further, the effects of centrifugal force on cell aggregates are yet unclear.

2.3. Compression Loading

The compression loading method is used to apply pressure, either negative or positive, on cell
aggregates, mimicking the conditions under which cells reside in vivo. Two modalities have been used
to apply a compression force on cells: indirect loading method and direct loading method, depending
on where the pressure is applied (Fig.3).
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Fig. 2. Centrifugation based method[27]. (a) Microscope-centrifuge with apparatus permits direct observation of cell ag-
gregates during centrifuge experiment. A, rotor; B, ocular; C, light source; D, distributor; E, connecting tube; F, specimen
chamber; (b) Centrifuge rotor: A, distributor with central vertical well into which fixative can be injected during cen-
trifugation; B, a connecting tube extending to a cannula from a horizontal well in the central chamber wall; C, cannula
descending through the rotor lid will exit into a centrifuge tube containing aggregates to be fixed; (c) Centrifuge tube
containing cell aggregates.

Fig. 3. Compressive loading methods. Indirect compressive loading by (a) gas pressure and (b) hydrostatic pressure. (c)
Direct compressive loading using parallel plates.

2.3.1. Indirect loading

In the indirect loading method, pressure is applied via gas[28] (Fig.3(a)) or liquid[29] (Fig.3(b)). So
far, three approaches have been used to generate a negative or positive pressure on cultured cells. First,
a vacuum pump is used to generate a negative pressure in a cell culture chamber. Second, gas is injected
into an airtight cell culture chamber to apply a positive pressure[30]. In these two approaches, cell
aggregates are placed at the bottom of the cell culture chamber, and a ventilation hole is present at the
top of the chamber. Through this ventilation hole, a vacuum environment can be obtained with a pump
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generating a negative-pressure in the cell culture chamber. The negative-pressure induces tensile stress
on the cell aggregates. Alternatively, nitrogen gas (without affecting the activity of cell aggregates) is
pumped into the chamber through the ventilation hole to introduce a positive pressure, leaving cell
aggregates compressed. Third, a hydrostatic pressure is applied on cultured cells by pumping liquid
instead of gas through a moveable piston at the top of the chamber. The effect of hydrostatic pressure on
the viability of bovine aortic endothelial cells has been studied by adjusting the height of the moveable
piston. Indirect loading can generate uniform mechanical forces on cultured cells. However, since cells are
cultured in an airtight cell culture chamber, media need to be changed regularly to maintain proliferation
and normal metabolism of cells for an extended period of time.
2.3.2. Direct loading

The direct loading method applies direct mechanical pressure on cell aggregates placed between two
parallel glass slides (Fig.3(c)). Briefly, cell aggregates are placed on a glass slide that serves as a lower
compression plate. The glass slide is located at the bottom of a medium chamber, and can be moved
vertically using an electronic micromanipulator. The upper compression slide is connected with another
glass slide through an inbox wire to a copper-beryllium cantilever. The deflection of the cantilever is
measured with a noncontact eddy current position measurement apparatus. The setup can be mounted
in a thermally insulated chamber to maintain desirable temperature using a temperature controller.
The deformation profile of cell aggregates is recorded using an inverted microscope and a digital cam-
era, and the obtained images or videos are analyzed (e.g., using Matlab or other calculation software).
This method ahs been used to study the effects of static as well as dynamic mechanical compression
on chondrocytes[31] and the ability of chondrocytes to synthesize and assemble cartilage-like ECM[32].
Compared to indirect loading, it is simpler to control the pressure on cell aggregates over a wide range
to create a deformation profile. However, the mechanical loading on the cells (e.g., stress and strain) is
heterogeneous for spherical cell aggregates.

2.4. Substrate Distention

In this method, tensile strain is applied to cell aggregates (generally thin layered cell cluster) using
an artificial flexible substrate. Briefly, cell aggregates are firstly seeded on a flexible silicone substrate,
which is prepared by polymerizing a silicone fluid in a desired frame. The stiffness of the substrate can
be varied by altering the crosslinking time and initial viscosity of the silicone fluid. Then, the substrate is
coated with ECM proteins to promote cell adhesion and attachment. Once a stretching force is applied,
cell aggregates attached firmly to the substrate are subjected to stretching deformation. Subsequently,
wrinkling patterns appear on the surface of cell aggregates, which can be visualized under a microscope.
Images of the wrinkling patterns can be taken using a digital camera and analyzed using an image
processing system. Two shapes of the tensile substrate have been used, including a rectangle (Fig.4)
and a circle (Fig.5).

Fig. 4. Methods of rectangular substrate tension.

The rectangular tensile substrate can be employed to generate uniaxial tension[33,34] (Fig.4(a)) or
flexure tension[35,36] (Fig.4(b)). Cells cultured on a rectangular elastin substrate are subject to cyclic
stretching at different frequencies and magnitudes. Via controlling the period frequency and stretching
magnitude, the rectangular substrate and the attached cell aggregates undergo a deformation. This
method has been used to assess the effects of shear stress, pressure, and mechanical strain on vascular
cell structure and function[37].

For the circular tensile substrate method, cells are cultured on a circular silicone rubber mold, and
a tensile strain can be applied to the attached cells by stretching the mold using fluid displacement
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Fig. 5. Methods of circular substrate tension.

(Fig.5(a)), convex platen displacement (Fig.5(b)), circle platen displacement (Fig.5(c)), pin shape dis-
placement (Fig.5(d)), or vacuum method (Fig.5(e)). The detailed parameters that have been studied
using these methods are summarized in Table 2. In the method of fluid displacement (Fig.5(a)), gas or
liquid is introduced to the bottom of the substrate with a certain flow rate. The induced flow pressure
leads to the deformation of the elastic substrate, and meanwhile stretches the cells attached to the
substrate[38,39]. In this method, fixation of the substrate is more convenient and reliable. It has been
used to study the generation of intracellular signals of cells under deformation[40].

Table 2. Substrate distention on a circular tensile substrate

Methods Driving force Characteristics References

Fluid displacement
Constant flow to displace Flow loading

[38,39]
cell attachment easily controlled

Convex platen
Stretch force induced Achieving different

displacement
using an eccentric magnitude and [41–43]
motor frequency load

Circle platen Stretch force induced Friction induce
[44,45]

displacement by friction the cell strain

Pin shape
Stretch force induced

Uniform uniaxial
displacement

by a pin shape
strain

[46]
compression bar

Vacuum method Vacuum stress
Achieving a big

[47,48]
strain rate

With the convex platen displacement method (Fig.5(b)), cell aggregates firmly attached to the elastic
substrate are stretched by applying continuous or intermittent stretch force to the elastic substrate using
an eccentric motor[41,42]. The stretch of elastic substrate is altered with different degrees of curvature
of the convex platen governed by the frequency. This method has been used to study the mechanical
properties of bone cells[43]. In the circle platen displacement method (Fig.5(c)), a stretch force is applied
onto the substrate circle platen controlled by a motor[44,45] and, as a consequence, the cells attached
to the substrate are subject to deformation. In the pin shape displacement approach (Fig.5(d)), a pin
shape compression bar is used to deform the substrate and the attached cells. A uniform uniaxial strain
can be produced on the whole substrate and the cells are under the same strain field independent of
position. With this method, Vandenburgh[46] studied the mechanical characteristics of muscle cells and
observed real-time changes in cell membrane, cytoskeleton, nucleus and fluorescence-marked calcium.
Deformation of cell aggregates can also be induced by using a vacuum stress device (Fig.5(e))[47,48].
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Regardless of the approaches for introducing substrate distention, the magnitude and frequency of
the stretching load can be easily controlled. With an uniaxial stretch force applied to the substrate, the
surface of the substrate remains flat, ensuring uniform straining of cells. Also, a homogeneous uniaxial
strain-field can be created on the substrate, allowing all the cells to undergo the same extent of defor-
mation independent of their position. In this method, however, cells may not adhere to the substrate
tightly, which may lead to cell sliding and hence affect the measurement accuracy.

2.5. Fluid Shear Stress Loading

The fluid shear stress method is used to mimic shear stress applied on cells in vivo so as to study cell
morphology and cell adhesion (Fig.6). So far, four types of chamber have beendeveloped: (1) parallel-plate
flow chamber to apply laminar flow; (2) cone and plate flow chamber to generate laminar or turbulent
flows; (3) disk-disk flow chamber to generate laminar or turbulent flows; and (4) cylindrical tube device
to generate radial flow. The parallel plate flow chamber (Fig.6(a)) can provide constant shear stress by
the hydrostatic pressure of elevation difference, or transient shear stress using a micropump[49–51]. Since
the upper and lower plates of the influx tube and the efflux tube have pressure differences, cells are
subject to uniform or pulse shear stress, depending on the speed of fluid flow and/or the length/width
of the chamber. The parallel plate flow chamber has been used to study the effects of shear stress on
cell functions[52–54].

Fig. 6. Methods based on fluid shear stress.

A cone and plate flow chamber (Fig.6(b)) has been used to generate a vertical uniform shear stress
from the cone chamber to the plate. In this setup, the cone-plate and the plate are rotating to the
opposite direction with an equivalent speed. Cells cultured on the low plate are relatively static to the
ground and they are subject to a wide range of shear stress by altering the flow rate of liquid from the top
chamber and the rotating speed[55,56]. The cone and plate flow chamber can be improved by introducing
a disk-disk flow chamber (Fig.6(c))[57], where the upper cone-plate is changed to a plane plate. Using
a disk-disk flow chamber, the effects of haemodynamic forces on vascular endothelial cells, and their
role in localizing atherosclerotic lesions within specific regions of the vasculature were studied[58] . A
cylindrical tube (Fig.6(d))[59] and a radial flow device (Fig.6(e))[60] are also introduced to provide shear
stress on cells. With the cylindrical tube device, a radial flow is obtained by flowing a fluid from the
horizontal side. In contrast, a fluid is poured into the radial flow device from the top.

The fluid shear stress method can control precisely the shear stress within a biological relevant
range. In addition, this method can offer a uniform shear stress, minimizing the variations in mechanical
measurements. However, it should be noted that factors including flow rate, viscosity of the fluid, as
well as the channel width and height need to be considered for a desired shear stress. In addition,
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the resultant biological effects such as cell adhesion, deformation and growth by shear stress cannot
be simply distinguished from the hydrostatic pressure present in the experimental process. Another
confounding factor is downstream cells may also be affected by paracrine signals released by upstream
cells as seen in a cone and plate flow chamber[61].

III. CONCLUSIONS
Accumulating evidence indicates cellmechanics plays an important role in understanding the nature of

cell aggregates, tissues and organs, which can benefit mechanical intervention for disease progression and
artificial organ transplantation. In this review, we summarized the advances in developing experimental
approaches for measuring the mechanical properties of cell aggregates, including the micropipette
aspiration, centrifugation, compression loading, substrate distention, and fluid shear stress loading. We
pointed out the advantages and disadvantages and exemplified the use of these stress loading approaches.
However, the goal of translating cell mechanics to clinical medication requires further development of
experimental approaches to mimic the situations in vivo. In addition, advanced sensing technologies
based on optics, acoustics and electronics are needed to achieve high precision, resolution and fidelity
results.
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