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Biological cell monolayer shearing apparatus for diagnostic purposes

The present invention is directed to a method for determining the mechanical properties of

biological cells. The present invention is further directed to a device for performing the

method.

Background of the invention

Cell mechanical properties depend mostly on the cytoskeleton, a multifunctional, cross-

linked, active (i.e. energy dissipating) network with three types of biopolymers (actin,

microtubules and intermediate filaments) as key components (Molecular Biology of the Cell,

Alberts et al., Garland Publishing 1994, 4th Edition).

Interestingly, often the cytoskeleton is among the first cell components to be altered during

disease. Cancer has been known to affect cytoskeletal components early (Current

Communications in Molecular Biology "Cytoskeletal Proteins in Tumor Diagnosis", M.

Osborn and K .Weber Editors, Cold Spring Harbor Laboratory Publications, 1989), research

to diagnose cancer by the measurement of cell mechanical properties has made very

promising advances recently (Optical Deformability as an Inherent Cell Marker for Testing

Malignant Transformation and Metastatic Competence Jochen Guck, Stefan Schinkinger,

Bryan Lincoln, FaIk Wottawah, Susanne Ebert, Maren Romeyke, Dominik Lenz, Harold M.

Erickson, Revathi Ananthakrishnan, Daniel Mitchell, Josef Kas, Sydney Ulvick and Curt

Bilby, Biophys. J., 88, 3689-3698, 2005).

A problem in cell mechanics is that a useful scientific and quantitative description of some

aspects of cell mechanical properties has only been achieved very recently. Surprisingly, a

consensus has been found between different cell types (The consensus mechanics of cultured

mammalian cells B. D. Hoffman, G. Massiera, K. M. Van Citters, and J . C. Crocker Proc.

Nat Acad. Sci. 2006, 103 no.27, 10259-10264).



Fernandez et al. have investigated the properties of single cells and cell collections as well.

They have shown that the lengthscale of perturbation is a key parameter in the description of

cell mechanical properties (A master relation defines the non-linear viscoelasticity of single

fibroblasts P. Fernandez, P.A, Pullarkat and A. Ott, Biophysical Journal 90(9) 3796-3805,

2006). Recently they suggested, that two simple relations define the passive cell mechanical

properties (arXiv: 0706.3 88vl [physics.bio-ph] 26 JUN 2007). One may expect that these

very recent advances in the techniques and the phenomenological description of cell

mechanical properties will lead to simple protocols for a proper identification of changes of

cell mechanical properties in conjunction with diagnosis of disease. Thus, it arises the need

for devices, which allow one to assess the mechanical properties of cells in a well-defined

and reproducible way.

Although the problem appears simple, in spite of many efforts, a standard procedure for the

assessment of cell mechanical properties has not been found. It is mainly because of this, that

the link between mechanical cell properties and disease is not yet understood. There are

techniques to determine the mechanical properties at the single cell and at the subcellular

level. A large spread in the cytoskeletal properties at the subcellular as well as the individual

cell level makes the situation difficult. Studying cell populations may average out this spread

and could in principle be performed on whole tissue. However, averaging on whole tissue

level can decrease the information content of the measurement due to the involvement of the

extracellular matrix. A further difficulty with such measurements is that measurements on

cell tissues may give a different response from measurements on isolated cells. This is

because cells recognize their environment and change their mechanical aspects as a function

of it. Furthermore, the cell- tissues often consist of different cell-types.

Therefore a meaningful, controlled measurement on a small population of isolated, individual

cells is desirable. This is, however, difficult due to the fact that cells often have a tendency to

stick to each other in uncontrolled ways.

Previous developments:

Many techniques have been used to study cell mechanical properties at the subcellular scale

and at the scale of whole tissues. However, for the study of entire cells so far only two

techniques have been developed.



a) The microplate single cell-stretcher

For cell mechanical studies, we developed a single-cell stretcher using the microplate

technique, details are published (Time scale dependent viscoelastic and contractile regimes in

fibroblasts probed by microplate manipulation, O. Thoumine, A. Ott, J . Cell Sci 110, (1997),

2109-2116).

Advantages of the microplate technique are several:

1) A well-defined geometry of measurement, as the cell is positioned between two

parallel walls.

2) The apparatus allows one to perform huge cell deformations of about 6 times the cell

size. It can reach forces exceeding cell forces. One can study the entire force length

parameter range, which is accessible to a cell.

3) The position of the plates is controllable optically. A feedback circuit allows the user

to control length or force independently and to impose arbitrary force-length curves

on the cells.

4) Coating the walls with suitable biomolecules can mimic biofunctional cell adhesion to

the walls, which leads to cell signaling. This can lead to a more precise mechanical

cell state thus increasing the significance of the measurement.

5) The cells can be observed with a microscope during the experiment.

The single cell-stretcher has substantial advantages over other techniques like Atomic Force

Microscopes, Micropipettes or the Optical Cell Stretcher (see under b) below). Details of the

latter techniques are discussed in (Rheological Properties of the Eukaryotic Cell

Cytoskeleton. Pramod A. Pullarkat, Pablo Fernandez, and Albrecht Ott, to appear in Physics

Reports (2007), available online before print, doi:10.1016/j.physrep.2007.03.002). The

microplate technique has been successfully used for the investigation of disease related cell

mechanical changes (Connections between single-cell biomechanics and human disease

states: gastrointestinal cancer and malaria S. Suresh, J. Spatz, J.P. Mills, A. Micoulet, M. Dao

, CT. Lim, M. Beil, T. Seufferlein, Acta Biomaterialia 1 (2005) 15-30).

Although the microplate technique is the best available technique to date and even a

commercial version of the technique has been suggested (Fa. WITEC, UIm), a disadvantage



of the microplate technique is that it is time consuming and it demands high skills from a

well-trained user. It can only be applied to extremely well adhering cells. For this reason, the

success in routine diagnosis has been more than limited.

For applications in diagnosis, high throughput measurements are needed, which should

ideally have all of the advantages of the microplate single cell stretcher however avoid the

drawbacks and limitations.

b) The optical cell stretcher (WO 99/44488)

For the purpose of gaining detailed information on the mechanical properties of a cell

population, Ka's and collaborators patented an optical cell stretcher (WO 99/44488, US

6,067,859 Optical Stretcher" (May 2000), EP 1 059 871 Optical Stretcher" (Nov. 2000).

Here the optical beam deforms (stretches) a non-adherent cell. An advantage of the apparatus

is that a huge number of individual cells can be screened in a short time without averaging

over the entire population. A drawback of the technique is that the cell deformation forces are

weak, much weaker than the forces generated by cells, and that the cells do not adhere during

the measurement (and therefore their cytoskeletal state is not so well-defined).

However, in spite of these drawbacks the optical cell stretcher allows one to diagnose tumors

early (Optical Deformability as an Inherent Cell Marker for Testing Malignant

Transformation and Metastatic Competence Jochen Guck, Stefan Schinkinger, Bryan

Lincoln, FaIk Wottawah, Susanne Ebert, Maren Romeyke, Dominik Lenz, Harold M.

Erickson, Revathi Ananthakrishnan, Daniel Mitchell, Josef Ka's, Sydney Ulvick and Curt

Bilby, Biophys. J., 88, 3689-3698, 2005).

Pullarkat et al. disclose in "Rheological properties of the Eukayotic cell cytoskeleton",

Physics Reports 449 (2007) 29-53, that the rheological properties of a "monolayer" of cells

can be probed by a technique, wherein a single layer of cells is held between two parallel

plates. The cells are mechanically isolated from each other and can be made to adhere to the

glass plates. Shear deformations may be applied and the viscolelastic properties are probed.



However, a problem, which usually appears in such a method of determining the mechanical

properties of cells is that the gap between two plates of this kind has to be set accurately.

That is to say, the cells have to be slightly compressed for a certain time, before a

measurement can take place. This is essential since the cells have to adhere to the surfaces of

the two plates in order not to evade from shear deformation.

This, in turn, poses the problem that a too strong compression of the cells leads to the

destruction of the cells. Obviously, such a destruction will not end up in meaningful results.

Summary of the invention

Therefore, it is an object of the present invention to provide a method and a device for

performing that method which allow one to assess the mechanical properties of cells in a

well-defined and reproducible way. It is a further object of the invention to provide the

possibility of a meaningful, controlled measurement on a small population of isolated,

individual cells.

These problems are solved by the subject-matter of the independent claims. Preferred

embodiments are contained in the dependent claims.

According to the invention, this is achieved by the use of microbeads as spacers between the

two plates. The microbeads are mixed with the cells of the test sample before pressure is

applied to the monolayer and the cells are compressed.

This approach guarantees a minimal gap distance between the plates, the plates may be

compressed and may be fixed in parallel to each other. At the same time, the cells cannot be

exposed to a too large axial load, which could destroy the cells and, thus, the results of the

measurement hi other words, the diameter of the microbeads defines the minimum distance

between the two plates.

The present application is, among others, directed to a device, which may perform a

measurement on a small population of isolated (also sticky) cells such as fibroblasts. This

technique provides very quantitative, reproducible and reliable data as it averages over a

small population of individually isolated cells. It is based on arranging these isolated cells at



a controlled density to form a cell monolayer between two flat surfaces. As it is explained in

the following, this is non-trivial and a perquisite to obtaining meaningful mechanical

information on cells in a short time and with excellent precision. Optical techniques can

probe only the linear mechanical regime. At higher deformation forces nonlinear ities occur,

which allow one to characterize the cell state in a much more complete way. By the present

method and device, much better resolution and more reliable data are being obtained by

enabling to probe both, the linear and the non-linear regime.

As already mentioned above, a measurement on cell tissues can give very different results

from the measurement on single cells. It is therefore very important to do measurements on

isolated cells or on small collections of independent cells arranged as a monolayer, which

gives an ensemble average.

For a good characterization of cell mechanical properties, it is important that the cells adhere

during the measurement to specifically treated substrates in a well-defined geometry. The

biochemical nature of cell adhesion during the measurement needs to be controlled in order

to define the state of the cytoskeleton. This leads to a situation, where cells must be

suspended between two walls. This is relatively straightforward for a single cell. However,

due to cell adhesion to surfaces as well as between cells, arranging the cells as a cell

monolayer of isolated cells for measurement pmposes is far from trivial and has not been

achieved so far. In the present application we present an apparatus and a protocol, which

circumvent existing difficulties and makes a measurement on a cell monolayer possible in

simple ways.

The apparatus described in the following can measure the cell deformation with adherent

cells and reach orders of magnitude higher cell deformation forces when compared to optical

techniques. The nonlinear mechanical responses can be probed and hence it is a more

sensitive technique, this translates to more meaningful data when compared to an optical

technique. Further, the state of the cell is much more well-defined than with the optical

stretching experiment due to biochemically defined cell adhesion and the biochemical

signaling that comes with it. The here proposed technique applies shear deformations, which

are easier to interpret in mechanical terms when compared to stretch deformations applied by

microplates or optical stretcher.



Also, stretching demands a strong adhesion of cells to the surfaces, surprisingly shearing

releases the importance of this constraint. As a conclusion, the here proposed technique has

most of the advantages of the single cell microplate stretcher, but performs the measurement

on a small population of cells (or if desired even single cells) in a much simpler way. This

shortens the measurement time and its analysis considerably. The handling of the device is

much simpler than for the single cell microplate stretcher. Another advantage of the here

proposed technique is that a much larger frequency range can be probed compared to

microplates or optical stretcher techniques. Cell shearing is simpler to interpret than

stretching: the device directly gives the elastic and viscous parameters without the need for

further processing. The one-shot automatic averaging of the data over up to a million cells

greatly enhances sensitivity and reproducibility. This is very important for detecting minor

changes occurring as a result of disease related abnormalities in mechanical properties.

Detailed description of the invention

In a first aspect, the present invention provides a method for determining the mechanical

properties of cells (14a), comprising:

a) providing a biological cell sample to be tested and microbeads, wherein the

diameter of the microbeads is about the average diameter of the cells' nucleus;

b) mixing the biological cell sample and the microbeads;

c) forming the mixture into a monolayer (14) of cells and microbeads;

d) applying shear stress and/or shear deformation to said monolayer (14); and

e) measuring the mechanical response of said cells in said monolayer (14).

Preferably, the diameter of the microbeads is between 80% and 120 % of the average

diameter of the cells' nucleus. This is in order to make sure that the cell nucleus is not

destroyed by compressing the cells and, on the other hand, to allow proper adherence of the

cells to the surface of the test device. In a preferred embodiment, the diameter of the

microbeads is between 90 and 110 % based on the average diameter of the nucleus.

The lower limit of the microbead diameter preferably is defined as a diameter, which avoids

an internalization of said microbeads by said cells. This diameter preferably is not smaller

than 200 nm. Thus, 200 nm defines an absolute minimum of the microbeads diameter.



In a preferred embodiment, the size of the microbeads is between 200 nm and 20 µm,

preferably between 1 and 15 µm, more preferably between 6-8 µm. This is the preferred

range for human cells, however, it is clear for a skilled person that other diameters may be

chosen for cells of different origin and size (e.g. animal cells).

The microbeads preferably are comprising glass, metal or plastic, latex materials.

The mixing in step b) preferably is performed such that the number ratio between the cells

and the microbeads in the mixture formed in b) is from 1:1 to 1:10000. The mixing ration

depends on the softness of the bead material. For soft beads, which tend to resist less to

compression, their number needs to be increased. For glass beads, we obtained good results

for, for example, a 1:100 ratio.

The cell sample preferably is an animal or human cell sample. For example, the sample is

derived from a body tissue, which is suspected of having underwent a physiological or

pathological modification, which could have amended the structure of said cells. The sample

may be obtained by biopsy or related techniques, which are by themselves known in the art.

A "monolayer" of cells, as used herein, simply is to be regarded as an arrangement of cells in

a single layer.

In an embodiment of the invention, the cell monolayer is formed by suspending the cells,

mixing them with the microbeads and placing them between two parallel plates. The plates

preferably are coated with adhesion promoting molecules. They are located horizontally, thus

forming an upper and a lower plate. Further details regarding forming and maintaining the

cell monolayers can be found in chapter "Examples" below.

In step b), the cells in suspension preferably are placed on the lower plate and the upper plate

then is lowered after a defined time period, preferably about 10 min, until the cells are

slightly compressed and until the distance between both plates corresponds to the

microbeads' diameter. If this procedure is finished, the cells adhere to both plates in order to

allow a proper and reliable measurement of the mechanical response of said cell monolayer.



As already outlined above, the present method allows determining the mechanical properties

of biological cells for low as well as high adherence of the cells to the plates.

In a further preferred embodiment, the cell density can be adjusted to get a collection of

isolated cells at a predefined density. Again, this allows a more precise and reproducible

measurement of the mechanical properties of the cells.

As mentioned above, the present method may find application in an ex vivo diagnostic

method. In this case, it comprises the additional step that the information obtained in step d)

is used in a diagnostic method. For example, modifications in the mechanical behaviour of

the cells may give an indication on pathological modification in said cells. In order to give a

meaningful result, the sample suspected to be pathological may be compared with healthy

tissue and/or with pathological tissues from a different patient in order to allow a more

precise diagnosis of the respective state of disease.

As such, the diagnostic method may find application in a method for the diagnosis of

cancer/precancer. Among others, the following pathological conditions may be named as an

example:

acute leukemias

heart muscle (cardiomyocite related) disease

In a second aspect, the present invention provides a device for performing the method

according to the invention comprising:

- two essentially parallel and horizontal plates having a gap between them;

means for introducing a mixture of microbeads and biological cells in the gap;

- means for forming and maintaining a monolayer of the mixture of microbeads and

biological cells in the gap;

an actuator for moving the two plates relative to each other for applying shear stress

and/or shear deformation to the monolayer causing the cells in the monolayer to deform;

and

measuring means for measuring the relative movement of the plates and/or the shear

stress and/or shear deformation.



The device according to the invention allows for a simple measurement o f the shear

deformation of the cell monolayer as a function of the applied shear stress or vice versa. This

relationship can then be used to characterize the cell monolayer and/or the individual cells in

the monolayer with respect to their mechanical properties. Preferably, the shear stress and/or

shear deformation of the cell monolayer is measured indirectly by measuring the movement

of the two plates relative to each other and measuring the force applied by the actuator to

produce the relative movement. However, the shear stress and/or shear deformation can also

be measured directly, for instance by means of optical techniques. Such an optical technique

would emit light on the cell monolayer and measure the reflection before and after moving

the two plates relative to each other and, finally, would determine the shear deformation from

the differences in the reflective pattern.

According to a preferred embodiment of the device, the measuring means is a transducer

configured to measure a force and/or a torque transmitted by the actuator to the plates for

moving the two plates relative to each other and to measure the relative movement of the two

plates and terms of displacement and/or angular displacement. This embodiment leads to a

very simple design of the device.

Preferably, the actuator is configured to rotate the upper plate with respect to the lower plate.

Of course, also a reversed configuration can be selected, wherein the lower plate rotates

relative to the upper plate, A rotating set-up simplifies the design of the device even more. In

particular, the kinematic design is simplified by having rotating parts as opposed to linearly

moving parts and the measurement of torque and angular displacement for the rotating set-up

can be achieved with ease.

According to a further preferred embodiment of the device, at least one of the plates

comprises an elevated ring surface, so that only the cells on the elevator ring contribute to the

measurement. For the purpose of the present invention an "elevated ring surface" refers to a

surface of one of the plates, which is offset from the plate in the direction of the other plate

and which is ring-shaped with a ring centre axis normal to the plane of the plates. Of course,

the elevator ring can be formed on both plates, wherein the rings are arranged such that they

essentially oppose one another.



In a further preferred embodiment of the device, the elevated ring surface is produced by

means of a circular recess formed in at least one of the plates, which circular recess has a

width between 50 µm and 1 mm, preferably about 100 µm. Such a circular recess can be

produced by any well-known cutting technique, such as milling. For the purpose of this

invention, the width of the circular recess is defined as the distance from the bottom of the

recess to the surface of the other plate facing the circular recess. A width of such a dimension

ensures that the cells contained in the circular recess are not in contact with both plates and

thus do not contribute to the measurement of the shear stress and shear deformation. The only

cells that do contribute to the measurements are those arranged between the elevated ring

surface and the surface of the other plate facing the elevated ring surface. Thus, it is only

measured on cells having a considerable distance from the center of rotation. Since these

cells have a considerable lever around the axis of rotation, the torque signal from the cells on

the elevated ring surface will be detectable over a wider range. Further the cells on the outer

ring are deformed in the same way and their deformation is of the same magnitude for all the

cells under study, which enhances the quality of the measurement.

In a further preferred embodiment, the device according to the invention has a controller such

that arbitrary torque angular displacement and/or force displacement relationships can be

measured. Preferably, the controller is connected to the transducer delivering a signal for the

force and/or torque and/or displacement and/or angular displacement to the controller. The

controller can also be used to evaluate the torque - angular displacement and force -

displacement relationships.

According to a further preferred embodiment of the device, the means for forming and

maintaining the cell monolayer and the gap comprise an actuator configured to load the plates

such that the introduced cells are compressed with a defined force. This causes the cells to

redistribute in the gap, thus forming a monolayer. Once the cells have formed a monolayer,

the width of the gap is maintained and the load on the plates is preferably removed.

In another preferred embodiment of the device, a variation of the gap width G is below half a

cell diameter, preferably below 1 µm across the entire surface of the plates used for

measurement. This leads to very accurate results for the measurement of the shear stress and

the shear deformation of the cell monolayer.



Preferably, the two plates are maintained essentially parallel during the measurement. This

improves the quality of the measurement even more.

According to another preferred embodiment, the device comprises optical means for

checking the parallelism of the two plates. Preferably, the optical means can be connected to

a signaling device signaling a user to adjust the position of the plates, in particular by means

of adjustment screws on the lower or upper plate.

According to another preferred embodiment of the device, the surfaces of the plates are

coated with cell adhesion promoting molecules, preferably fibronectin. In order to shear the

cell monolayer, a force in the plane of the plates must be produced on the cell monolayer. For

this purpose, it is preferred that the cells adhere at the substantially opposed surfaces of their

circumferences to the plates.

According to a further preferred embodiment of the device, the means for introducing the

cells comprise a hole in one of the plates through which the cells can be introduced into the

gap. This simplifies the introduction of the biological cells in the gap.

According to another preferred embodiment, the device comprises means for controlling the

temperature of the plates. Temperature has an effect on the shear stress versus shear

deformation relationship of the cells and must thus be counted for.

According to a further embodiment of the device, the device additionally comprises an

objective and/or a camera for verifying the cell state, cell adhesion or to measure the cell

density. These factors should also be considered when determining the shear stress versus

shear deformation relationship of the cell monolayer.

The diameter of the microbeads is about the average diameter of the cells' nucleus,

preferably between 80 and 120 %, more preferably between 90 and 110 % of the average

diameter of the cells' nucleus. The lower limit of the microbeads' diameter is defined as a

diameter, which avoids an internalization of said microbeads by said cells.

As mentioned above, the size of the microbeads is between 200 nin and 20 µm, preferably

between 1 and 15 µm, more preferably between 6-8 µm. The microbeads are comprising



glass, latex, metal or plastic materials and are used in a number ratio between the cells and

the microbeads in the mixture formed in b) is from 1 : 1 to 1:10000.

Description of the Figures

In the accompanying drawings, the following is shown:

Fig. 1 is a schematic side view of a device according to an embodiment of the present

invention; and

Fig. 2 shows a cross-section A - A from Fig. 1, wherein the shape of the plates differs from

the shape of the plates in Fig. 1.

In the figures, the same reference signs designate the same or functionally equivalent parts.

Fig. 1 shows a device 1 according to an embodiment of the present invention.

The device 1 comprises two essentially parallel, horizontal plates 2, 3 having a gap 8 between

them. Plate 2 is an upper plate and plate 3 is a lower plate with respect to ground. Preferably,

plates 2, 3 have a circular shape when viewed from the top. Preferably, plates 2, 3 are made

of glass or the like. Preferably, the variation of the gap width G is below 1 µm in the

horizontal direction.

Plate 2 is connected by means of a shaft 4 to an actuator 5, which is configured to rotate plate

2 relative to plate 3, which is stationary. Plate 3 is held by a support 6, 7 and is adjustable

with respect to the horizontal plane (x-y-plane) by means of adjusting screws 11, 12.

Plate 3 comprises a hole 13 at its center, through which cells (as an example, one cell is

designated with the reference sign 14a) can be introduced. Furthermore, hole 13 is connected

to a supply pipe 15 through which biological cells can be supplied to hole 13.



In order to increase the adhesion between the plates 2, 3 and the cells 14a which are to be

introduced into gap 8 between plates 2, 3, the plates 2, 3 are preferably coated with

fibronectin on their surfaces facing the gap 8.

Preferably, the actuator 5 is configured to move the shaft 4 upwards (in the z-direction) for

introducing cells 14a into gap 8 and to move shaft 4 and thus plate 2 downwards (opposite to

the z-direction) for forming the introduced cells 14a into a cell monolayer 14.

Furthermore, device 1 has a transducer 16 configured to measure the torque produced by the

actuator 5, preferably an electric motor, on the shaft 4 and thus on the upper plate 2 around an

axis of rotation 9. Moreover, the transducer 16 measures the angular displacement of plate 2

around the axis of rotation 9.

The device 1 further preferably comprises an objective 17 and a camera 2 1 coupled to the

objective 17.

Camera 21, actuator 5 and transducer 16 are electrically coupled to a controller 22, The

camera 2 1 can for instance supply a signal indicative of the cell density to controller 22,

which is then taken into account when determining the torque vs. angular displacement

relationship recorded by controller 22.

Fig. 2 shows a preferred shape of plates 2, 3 in a cross-sectional view A A from Fig. 1.

The plate 3 comprises a circular recess 23, wherein the centre of circular recess 23 coincides

with the axis of rotation 9. As a result, a ring 24 is produced, wherein the centre of the ring

also coincides with the axis of rotation 9. Ring 24 has thus an elevated (offset) surface 25

with respect to the bottom surface 26 of circular recess 23.

The distance between the bottom surface 26 of recess 23 and a surface 27 of plate 2 is

designated with W and is preferably about 100 µm. Thus, the cells 14a in the recess 23 are in

contact with plate 3 and not with plate 2, thus not contributing to the torque around the axis

of rotation 9. However, the cell monolayer 14 formed between elevated surface 25 and

surface 27, produces a reaction torque around the axis of rotation 9 when actuator 5 produces

a torque on plate 2.



Figure 3 is a photograph of the Cell Monolayer Rheology setup. The levelling screws (±l µm

precision) are used for fine corrections to the alignment, if the plates are not parallel after

following the procedure described in the text.

Figure 4 : Schematic showing the various steps involved in preparing the cell monolayer (a)

The two optically flat glass plates are placed in perfect contact, (b) a UV curable adhesive is

used to glue the top glass plate to the rheometer head, (c) solutions of adhesion promoting

proteins used for surface treatment or the cell suspension can be loaded between the plates

using a pipette, (d) the cells, after loading, are allowed to sediment, and (e) the top glass plate

is lowered until the cells are slightly compressed.

Figure 5 : Image of a typical cell monolayer which is gently pressed between the two glass

plates. The bar represents 50 µm.

Figure 6 : A sequence of images showing the cells (a) after they have sedimented and (b) after

they are gently pressed between the glass discs by lowering the top plate. Note that the

diameter of the big cell increases as it is gently squashed. The gap between the plates is such

that the smaller cells remain unperturbed

Figure 7 : Amplitude sweep at a frequency v =5 Hz. The storage modulus G' (left) and the

loss modulus G" (right) are shown. Whereas G" shows a clear plateau below 3%, the storage

modulus increases steadily as the amplitude is reduced up to 0.3%.

Figure 8: Shear moduli G' , G" (top plot) and loss tangent G"/G'(lower plot) as a function of

frequency for a fixed amplitude ∆γ = 2%.

Figure 9 : Stress relaxation, strain recovery, and creep measurements performed sequentially.

The input step functions are shown as grey shaded areas. Small and large strain or stress steps

are applied to explore and compare the linear and nonlinear responses.

Figure 10: Stress relaxation at constant strain for the two different strain steps shown in Fig.

8. The stress σ is divided by its value right after the step, σo, and shown as a function of the

time elapsed after the strain step. Other than the prefactor, no significant differences can be

observed between the two curves. The apparently larger scatter in the curve at γ = 5% is due



to the normalisation by σo. The scatter in the stress σ is essentially constant throughout the

experiment.

Figure 11: Strain recovery at zero stress obtained from the responses Rl and R 2 in Fig. 8.

The extent of recovery γ(-0) - γ(t) as a function of time are shown, where γ(-0) is the strain

prior to theunloading

Figure 12: Creep compliances J(t) for experiments Cl (5 Pa) and Cl (25 Pa) in Fig. 8. The

behaviour obtained at large stress and short timescales is significantly different from that at

small stresses. Unlike in the relaxation and recovery experiments mentioned earlier, the

curves cannot be collapsed by a simple scaling anymore

Figure 13: Comparison between the stress relaxation and creep responses from the

experiment shown in Fig. 8 is performed by the convolution J dτG(τ )J(t τ) of the

conjugate response functions. Within lineal response theory, the integral is identically equal

to t . Grey symbols: convolution of G(t; 5%) with J(t; 5Pa), Black symbols: convolution of

G(t; 50%) with J(t; 25Pa). Black dashed line: identity. Significant deviations from linear

behaviour are seen only at short times. For times beyond 100 s the response approaches

linearity, even for large step deformations of 50%.

Figure 14: Cell response to cyclic loading at a constant strain rate Top: the

input strain-time function. Lower left: stress-strain curves showing that the initial response

evolves towards a steady state limit cycle within the first two to three cycles. Lower right: a

comparison between the initial, virgin response (gray curve) and the 5th cycle (black curve)

for small loading strains. The initial stress value has been subtracted for comparison purpose.

Below ~ 2%, cyclic loading does not significantly affect the response.

Figure 15: Cell responses to constant strain rate cycles at different amplitudes. Top: the strain

rate is kept constant at 0.1 s 1 and the amplitudes are increased in the sequence 5%, 10%,

20% and 50%. A rest time of 10 min. elapses between each loading to allow for stress

relaxation. Bottom: Stress as a function of strain for different strain amplitudes. The stress-

strain curve becomes linear after the initial loading or unloading. Note also that the initial



response during unloading becomes stiffer at large amplitudes. Inset: Evolution and recovery

of the stress during the first loading, unloading and rest.

Figure 16: Rate dependence obtained by applying single constant strain rate cycles with a 10

min rest time between cycles. Top: strain γ as a function of time. Bottom: stress-strain loops

for the cycles shown above.

Figure 17: Top: a schematic of the imposed deformation history. Fast small amplitude

oscillations at 5 Hz and 2% amplitude are superimposed over constant average strain values

hi. Bottom The shear moduli G' and G" measured as a function of the average stress σ ) and

strain {7 . A range of stress values are obtained during the stress relaxation which follows

each strain step and are shown using different symbols. The dashed line corresponds to a ~

χ0 dependence

Figure 18: Top: The effect of actin depolymerisation is studied by applying a large step strain

(25% to 50%) and measuring the stress relaxation. Bottom: Stress relaxation curves obtained

from the same monolayer for normal cells and for cells treated with Latrunculin-A ( 0.2

µg/ml) to disrupt the actin network.

Figure 19: Top: Constant strain-rate experiments (10 2 S 1) are used to compare normal living

cells to cells made passive (permanently crosslinked) using the fixing agent glutaraldehyde.

Bottom Treated cells (black circles) show a stiffening behaviour rather than a flow behaviour

as observed for the normal cells (grey circles). Moreover, the fixed cells reach stresses an

order of magnitude larger than the non-treated ones. Inset: Comparison between the present

data obtained from the fixed cells and that previously reported for fibroblasts using a single

cell stretching technique [8]. Black circles are the numerical derivative dσ/dγ as a function of

stress σ of the curve for fixed cells shown in the main plot and the gray symbols corresponds

to the master-relation data modified from Ref. [8].

Figure 20: Frequency sweeps at an amplitude ∆γ of 2%. The moduli and loss tangent obtained

for normal cells (open symbols) and for cells exposed to 150 µM blebbistatin (solid symbols)

are shown.



Figure 21: Frequency sweeps performed at different gaps. Storage modulus G ' and loss

modulus G" as a function of frequency are shown. During the first hour after the preparation

of the monolayer, both moduli are seen to increase by a factor of two (black dots and grey

circles). Subsequently increasing the gap from 6 µm to 22 µm decreases both moduli.

Figure 22: Effect of changing the separation between the plates on stress relaxation

experiments. Top: Imposed strain as a function of time. A series of steps γ : 0% → 20%

100% is performed at different gap thickness values. Bottom: At 4 µm, the monolayer

appears very stiff. Even though the data is noisy, an increase in stress can be observed after

about 100 s. At larger gaps the stresses are about one order of magnitude lower and the data

is much cleaner.

Figure 23: shows a microscopic view of a) 3T3 cells without beads; b) 3T3 cells mixed with

microbeads having a diameter of 7 µm; c) 3T3 cells mixed with microbeads having a

diameter of 20 µm.

In detail, the following is shown:

23 a) View through a microscope of 3T3 cells, organized as a cell monolayer, sandwiched

between two glassplates. The apparent cell diameter is around 20 microns. The gap between

the glassplates is around 10 micrometers.

23 b) The cell monolayer is mixed with 7 micrometer beads (small spherical objects). To

obtain this configuration the glass plates have been pushed to together until their approach is

blocked by the beads, which are slightly compressed at that moment. After the cells adhered

to both plates, the plates have been raised again by a few micrometers. The cells are

sandwiched between top and bottom plate and stick to both of them - the

beads, however, only stick to the lower plate. Measurements in a) and b) perform equally

well.

23 c) Same as in b) except that the bead diameter is 20 microns - about cell size. The beads

(the highly spherical objects) prevent the two glass plates from approaching the cells. The

cells form a monolayer, however, because of the increased spacing in between the plates, the

cells cannot adhere to both plates. It is not possible to perform a meaningful measurement.



Figure 24 shows a diagram indicating the normal force as a function of time (red) and

the gap height as a function of time (in mm; blue).

Figure 25 shows the different phases of the method of the present invention.

Examples:

I. GENERAL CONSIDERATIONS

I.I Realizations of an apparatus for simple and precise measurement of biological cell

mechanical properties in cell populations by cell monolayer shearing

In the following, we describe without loss of generality a realization of a device and protocol

for measurement of cell mechanical properties by shear, which applies to cell collections of a

relatively small number of cells down to single cell shear.

In this realization about 100.000 cells are sheared simultaneously. The device can, however,

be made in different sizes and equipped with different detectors so that the number of cells

sheared can be varied by many orders of magnitudes, if desired even down to a single cell.

a) Realization of a device for assessment of the mechanical properties of small cell

populations organized as a cell monolayer.

Fig. 1 is showing a schematic of a possible realization of the cell monolayer shearing

apparatus. The optically flat glass plates are coated with specific cell adhesion promoting

proteins. Small amplitude shear deformations are applied by an angular displacement of the

top glass plate and the torque is measured to define the mechanical behavior. The objective

and camera are used to verify the cell state, cell adhesion or measure the cell density.

1. 1.1 Principle aspects of the measurement

For realization of the measurement device, we create a cell monolayer between two coaxial

plates as depicted in fig. 1. A priori, achieving the adherence of a cell monolayer of isolated



cells between two surfaces is far from trivial, for different reasons: the distance between the

surfaces is limited to the cell thickness (of about 10 micrometers). The cells need to adhere to

both surfaces equally well, but only within a ring at a well-defined distance to the rotating

axis. However, the cells must not adhere to each other as this may degrade the measurement.

By using the device, unexpectedly, we find that the technique can be used on adherent as well

as not perfectly adherent cells. Even after cell detachment by separating the plates the cells

re-adhere sufficiently to give a comparable measurement. This is a considerable advantage

over the cell stretching technique between two plates (described above), which is limited only

to perfectly adhering cells. In a stretching technique, cells are lost once they loose adherence

to one of the plates. The robustness of the measurement by shear may most likely be

explained by the fact that shearing the cells between plates is found to stabilize cell adhesion

when compared to cell stretching.

We describe a device and a protocol, which perform the measurement on a cell monolayer

with great simplicity and accuracy. The measurement of cell mechanical properties does not

demand any particular skills from the user.

1. 1.2 Realization of a cell monolayer shearing apparatus

In the present realization, we use a driver/transducer, which can be a torsion measurement

device or a transducer capable of measuring a rotational force as a function of the rotation

angle (fig. 1) and capable of controlling the rotational angle at the same time. The surfaces

are made of a suitable material, which needs to promote cell adhesion and have a sufficiently

flat surface (roughness typically better than one micron). Without loss of generality we use

glass, it can be made sufficiently flat and it can be coated with cell-adhesion promoting

proteins. In our realization, the bottom glass plate is fixed. The top glass plate rotates and is

used to measure both torque and normal force.

1.1 .3 Incorporation of glass plates into the apparatus

In order to hold the glass plates in place, they are fixed to metal mounts. This can be done in

multiple, well-known standardized ways. As an example the metal and glass plates can be

glued together. This may be achieved using for instance with the UV-curable adhesive



Vitralit 6129 (Panacol-Elosol GmbH). This is a thick adhesive with a very low thermal

expansion coefficient of 36 ppm/K. The glue is cured by exposure for a few minutes to UV

light with a wavelength of 365 nm and an intensity of 100 mW/(cm).

1. 1.4 Achieving the required parallelism of the plates

A necessary condition is achieving the required parallelism between the two faces to which

the cells stick simultaneously. The opposing faces must be parallel to each other within 1

micrometer/diameter. The parallelism can be checked by observing the white light

interference fringes formed by illumination with a broad, distant light source (fringes of

constant distance indicate parallelism). Also a broadened laser source can be used as exposed

in optics textbooks.

In an industrialized version one may want to adjust the plates during production so that they

can be inserted and have sufficient parallelism. Micron precise machining is standard. Often

hard metal spheres or cylinders or plates (such as the control spheres or bearing points made

by JVD, 95100 Argenteuil, France) serve to position workpieces precisely. Standard

engineering techniques for micron precise positioning exist and do not need to be exposed

here. They exist even for removable plates, which are repositioned for each measurement.

Another way to make the plates parallel is by providing three leveling screws to adjust the

parallelism of the plates as a function of white light or laser light fringes. An example for the

incorporation of micrometer screws for leveling is given in figure 1. We found that such a

leveling mechanism is stable over long time periods without further adjustment even in cases

where the apparatus is subject to temperature cycling.

More evolved mechanisms for automatically adjusting the parallelism can be found in

maskaligners as they are used for lithography purposes in semiconductor production

facilities. Such automatic devices ensure parallelism better than one micron - on small and

even on large surfaces of several inches in diameter.

1. 1.5 Coating the plates with cell-adhesion promoting molecules



Often arises the need to coat the plates with a protein or molecule layer in order for the cells

to stick and develop tension. Often this layer is the fibronectin protein. Coating the plates can

be done easily by putting a solution of protein onto the two plates. The concentrations are

typically around lmg/ml and may depend on the precise protein used. The solution is then

rinsed with purfied water and the plates are left to dry. The solution can also be used as

indicated in the protocol below, when the plates are already mounted to both upper and lower

holder of the glass plates.

1.1.6 Cell adhesion at a defined distance to the rotational axis improves the measurement

In a circular, coaxial plate-plate geometry the deformation field is not uniform: the shear

deformation increases proportional to the radius. The dominant contribution to the torque

comes from the strongly sheared cells on the outer edge.

The situation can be improved as follows. On the top plate an inner circle with a depth of 100

micrometers is carved away ( for instance with an optical milling machine). Since the cells

are at most 40 microns large, only those located on the outer, non-treated surface will be in

contact with both plates and contribute to the measurement. The thickness of this outer ring

must be large enough to achieve a good measurement given the sensitivity of the detector

used.

1. 1.7 Incorporation of isolated cells between the surfaces

Cells must be introduced between the weakly separated plates and they must adhere to both

plates simultaneously while not forming aggregates.

+ Cell agitation (for instance by pipetting) avoids cell agglomeration as a general rule.

+ We found that capillary forces perform very well in introducing the cells.

When the plates are very small such as rectangular plates of cell size, separated by about cell

size, then the cells are driven in the space between the plates by capillary forces and they

adhere to both surfaces.

+ However, when many cells are to be introduced between plates, which are much larger than

cell size, then the cell density in solution needs to be adjusted properly. When the cell

suspension is supplied around the plates with a hole in the middle of one of the plates and the



plates are dry, the cell suspension migrates between the plates by capillary forces. The plates

need to be spaced a little more than a cell diameter.

+ A different way of putting the cells between the plates is by hydrodynamic forces where

the cells are moved by a hydrodynamic flow between both plates, typically directed center-

symmetrically with respect to the plates.

+We found that if the cells are placed in suspension on the lower plate and the upper plate is

lowered after about 10 minutes (depending on the cell type and temperature) until the cells

are slightly compressed (which can be observed with the camera), then the cells stick well to

both plates. At the suitable concentration in solution the cells will be sufficiently spaced in

order not to adhere to each other.

After introduction of the cells, the plates can be compressed until resistance from the cells is

encountered, which can be detected by observation with a microscope equipped with a

camera. The cells are found to adhere equally well to both plates.

1. 1.8 Temperature Control

The temperature of the plates or the entire device needs to be controlled, it is favorable to

keep the temperature a bit below body temperature, around 35°C for human cells. This can be

performed by incorporating a commercial PID controller, a sensor and a heating resistance.

1.2 Protocol of use of the cell monolayer shearing device

1) As dust particles can be a problem during the measurement, the plates need to be cleaned.

This can for instance be done with a proper tissue as it is used for cleaning optical surfaces.

2) The top glass plate is brought down until in contact with the bottom glass plate and the

parallelism of the plates is controlled.

3) The plates are coated with an adhesion promoting protein brought between the plates. The

protein solution is left between the plates during a suitable time. Then the top plate is brought

down to push the solution out.



4) The cell suspension is introduced between the plates in the same fashion or any method

discussed above.

5) The top plate is brought down. The cells are observed using a microscope to ensure

sufficient density and a uniform distribution. The gap between the plates is reduced to

slightly compress the cells. The compression appears through the microscope as an increase

in the cells diameter. The cells are compressed for a suitable time period in order to stabilize

the cells.

6) Rotating the plate allows one to estimate the number of cells adhering to both plates in

conjunction with a camera (fig.l). The desired deformation is applied to the cell monolayer

and the mechanical properties of the cells are investigated. The precise deformation imposed

depends on the precise cell mechanical properties under study.

7) Samples can be changed by removing used cells with dissociation buffer (Trypsin) and

sucking the used cells including the culture medium away through the outlet (figure 1). Fresh

surface coating or cells can be introduced by following the steps described above.

8) For simplicity of use, the above steps can be automatized and the setup can be computer

controlled. The user is left to clean the plates and apply the fluids (adhesion promoting

protein solution and cell suspension).

1.2. 1. Optional variation of the protocol

The cell suspension liquid can be changed so that cell specific drugs can be used to perturb

the cells in a well-defined way. In this way the measurement with respect to well-defined

biochemical components can be performed.

1.2.2. Variation of the cell monolayer shearing setup

One can use different geometries (such as a rectangular plate shape) and different sizes of the

setup. The cell deformation can be uni- or multidirectional.



II. EXPERIMENTAL RESULTS

II. 1 Harmonic oscillation experiments

We begin our investigation by characterising the response of the cell monolayer to imposed

sinusoidal strain oscillations. Our intention is to explore the extent of linearity of the response

from this living system. We then study the frequency response of the system at small

amplitudes.

IL 1.1. Amplitude sweep

For strain amplitudes between 1% and 10% and a frequency of 1 Hz, increasing the strain

amplitude results in a less and less elastic behaviour as shown in Fig. 7. The storage modulus

goes roughly as G' ~ log(l / ∆γ), whereas the loss modulus G" becomes plateau-like for ∆γ <

3%. Thus, a linear regime in a strict sense does not exist in this measurement range.

II. 1.2. Frequency sweep

Figure 8 shows a frequency sweep data obtained at an amplitude of 2%. Both G' and G"

show a power-law behaviour throughout the studied range. The loss tangent remains

approximately constant as shown. The power-law behaviour observed here is in excellent

agreement with that previously reported using microrheology and single cell techniques [4,

6]. The curves for G' and G" remain almost parallel throughout the studied frequency range.

II.2 Stress relaxation, recovery and creep experiments

As cells are complex living materials which can actively respond to different types of

mechanical stimuli, we now proceed to investigate their response to stepwise loading by

performing relaxation and creep experiments. The two types of step loading experiments are

then compared to study the linear and nonlinear cell response that may arise.

For comparing the relaxation and creep compliance of the cells we have devised the protocol

shown in Fig. 9. First, we impose a 5% step strain and measure stress relaxation during 10

min (Sl in Fig. 9). Then, a large step from γ = 5 to γ = 50% is applied and a second



relaxation curve is measured (S2). After 10 min at 50% strain, the monolayer is unloaded in a

stepwise fashion and the stress kept at zero for 20 min in order to measure strain recovery

(Rl). Next we perform two subsequent creep experiments, the first one at a low stress of 5 Pa

(Cl) and the second one at a high stress of 25 Pa (C2). The stress values are chosen from the

previous relaxation experiments so that S l can be compared with Cl, and S 2 with C2.

Finally, a second full unloading to σ = 0 is performed (R2). The whole procedure takes about

90 min, which is a reasonable time for a measurement at 25°C. S l and C l are expected to be

close to a linear regime, while the large steps S2 and C2 should reveal effects of strong

nonlinear ities. The different responses are discussed and compared below.

11.2.1. Stress -relaxation

Figure 10 shows stress relaxation curves obtained at constant strain, after a 0% — 5% and a

5% 50% strain step. As expected from the frequency sweeps discussed earlier, the

relaxation cannot be described by a single exponential and is close to a power-law.

Remarkably, no significant nonlinearity is observed as a function of the applied strain

amplitude. Normalising by the initial values suffices to collapse the curves.

11.2.2. Strain recovery at zero stress

After a deformation and subsequent unloading to zero stress, do irreversible strains remain?

To decide on this we perform the following experiment. After imposing a 50% shear for 10

min, the stress σ is taken to zero and the time evolution of the strain γ is recorded (Rl in Fig.

9). Figure 11 shows the extent of recovery γ (-0) - γ(t), where the strain prior to the

unloading is subtracted. In the first recovery experiment, Rl, the strain recovers from 50% to

20% in a 2000 s time period and is still slowly recovering. At this pace, a full recovery would

require many hours. The question seems deemed to remain unanswered, and not only for

technical reasons; the time for complete strain recovery is close to typical cell lifetimes of ~

104 s.

11.2.3. Creep experiments



Figure 12 shows the compliances from the creep experiments Cl and C2. The compliance

functions are defined as J(t) = (γ(t) - γ(-0))/( σ - σ(-0)), where γ(-0) is the deformation prior

to the stress step, _ the imposed constant stress during creep, and σ(-0) the stress prior to the

step. Experiment C2, performed at a large stress of σ 25 Pa, gives a significantly larger

compliance for times shorter than 100 s. Remarkably, at longer times it approaches the small-

stress compliance.

II.2.4. Convolution of the relaxation modulus and compliance

We now compare the responses obtained from the relaxation and creep experiments, to assess

the linearity of the response. Linear behaviour is given by Boltzmann's superposition

principle: the stress is a linear functional of the strain history,

where the function G(t) is the relaxation modulus [15]. It is straightforward to show that

holds [15]. With this convolution relation one may decide whether the material behaves as a

passive, linear system.

We proceed as follows. The relaxation moduli are obtained from the relaxation experiments

Sl and S2 as G(t) = σ(t)/(γ - γ (-0) ), where γ is the imposed constant strain and γ (-0) is the

strain prior to the strain step. We numerically convolute the measured relaxation moduli with

the creep compliances to assess the validity of Eq. 1. The advantage of the procedure is that

we work directly with the measured response functions, instead of ad hoc choosing a fitting

function.

We convolute G(t) from Sl with J(t) from Cl which corresponds to the small stress regime,

and G(t) from S2 with J(t) from C2 for the large stress regime as shown in Fig. 13. Both



convolutions deviate significantly from the linear behaviour at short times. For intermediate

times of ~ 10 s the small-stress convolution approaches identity. The large-stress convolution

shows nonlinear behaviour at these intermediate times, but becomes a linear response for

times in the range 100-1000 s. Thus, the initially nonlinear behaviour becomes linear at long

times.

113 Cyclic loading

For a complex living system it is not clear how the probing method itself may affect the

response of the system. Cyclic experiments allow us to explore the evolution of the complex

system under a given loading condition. Furthermore, constant rate cyclic loading

experiments are well suited for investigating the cell responses to different deformation rates

and amplitudes independently.

11.3 .1. Existence of a limit cycle

We subject the cells to repeated loading-unloading cycles at a constant strain rate. A s can be

seen in Fig. 14, after the first couple of cycles, the monolayer approaches a limit cycle with

very little variation from cycle to cycle.

A s seen in Fig. 14, the limit cycle has a higher asymptotic slope than the virgin curve (first

cycle). A close comparison between the first and the limit cycle (Fig. 14, Bottom Right)

shows that the response is not affected below 2% strain. Beyond 5%, the overall slope is

larger for the limit cycle. This effect of continuous cyclic loading on the shape of the stress-

strain loops is a very robust feature of the fibroblast monolayer and the same behaviour is

observed at the single cell level [16].

The effects of a cyclic straining are reversible. When the cells are maintained at zero strain

for more than 10 min and the experiment repeated, the new virgin curve and the limit cycle

are quantitatively similar to the previous ones (data not shown).

11. 3.2. Amplitude dependence



Figure 15 shows single loading/unloading cycles with different amplitudes. A rest time of 10

min elapses between each cycle, which ensures a sufficient stress relaxation. The stress-strain

curves share a common envelope. This indicates that the rest time sufficed to recover the

virgin state. The slope dσ/dγ reaches a roughly constant value after the initial 10% strain.

For small amplitudes the unloading response is very similar to the loading response,

essentially a point inversion of the latter. As the amplitude is increased, the unloading

response changes its shape noticeably. When unloading, again a linear stress-strain relation is

obtained as the strain is lowered from its peak value.

II.3.3. Rate dependence

We perform single cycles at different rates, waiting 10 min between each cycle. Changing the

rate changes the overall slope of the curves, as can be seen from Fig. 16. The hysteresis loops

are also seen to become wider.

II.4 Effect of the average stress on the viscoelastic moduli

In earlier sections we have performed a detailed characterisation of the cell response to

oscillatory and cyclic ramp experiments by varying either the deformation rate or the

amplitude. These experiments were performed on cells which were at an initial state where

the stress and strain are almost completely relaxed. It is interesting, however, to investigate

how the cell rheological properties are modified when the cells are under a non-zero stress or

strain condition.

For this we perform the following experiment. Starting from a zero stress, zero strain

condition, we apply a fast strain step to the cells. The average strain then maintained constant

while a small amplitude strain oscillation (2% and 5 Hz) is superimposed; γ (t) = ) + ∆γ eiωt.

After the strain step the average cell stress will relax with time as σ(t) = (σ) (t) + ∆σ(t) eιωt. In

this way, by applying different strain steps, the moduli can be measured for a large range of

stress or strain values. The procedure, though unusual for passive materials, has proved

successful to study stiffening responses in bio mechanics [17]. The results are shown in Fig.

17. It can be seen that both moduli, G' and G", stiffen as a function of the average stress

above a threshold stress, i.e., G' = G'(( σ) ) and G" = G"({σ) ) above the threshold. In



particular, stiffening can be observed during stress relaxation at a constant strain for (γ ) =

100% and (γ) = 120%. Above the threshold, both moduli follow a power- law with an

exponent of about 0.7.

II.5 Drug experiments

After characterising the normal fibroblasts we now discuss a series of experiments aimed at

1investigating the role of different cytoskeletal elements like actin filaments and myosin motor

proteins in the mechanical responses detailed above. Moreover, we perform, for the first

time, experiments demonstrating major qualitative differences between the mechanical

responses of an active, living cell to a cell which is made passive, permanently crosslinked.

11.5.1. Actin depolymer isation

In order to investigate the contribution of the actin network in the cells to the mechanical

properties mentioned above, we treated the cells with an actin filament depolymer ising drug

Latrunculin-A [18]. For this, we first characterised the normal cells by performing step-strain

experiments and then introduced the drug at a final concentration of 0.2 µg/ml without

mechanically perturbing the cells using the method discussed in section II E . We observe that

a 10 min. exposure to the drug at 250C induces a marked transition from a viscoelastic-solid

like behaviour observed before treatment to an almost liquid like behaviour as shown in Fig.

18. For a given shear, the stresses are two orders of magnitude smaller, barely resolvable by

the rheometer.

11.5.2, Comparison of living and 'fixed' cells

Due to the active nature of the cytoskeleton, it is interesting to try and elucidate the

contributions from the dynamical factors to the mechanical responses mentioned above for

normal cells. With this in mind we attempted generating purely passive cells (or dead,

equilibrium system) by exposing the cells to a fixation agent Glutaraldehyde. This process

binds the network in such a way that all dynamical processes like filament polymerisation-



depolymerisation, kinetics of motors and crosslinking proteins, etc are arrested, though

preserving the cytoskeletal structure [19].

As can be seen from Fig. 19, the typical mechanical behaviour of normal cells is dramatically

altered after fixation of the cells by a 10 min, exposure to a 0.1% glutaraldehyde solution.

Most notably, the linear behaviour at large ampli-tudes is completely abolished by the

treatment. The response of the passive, fixed cells approaches that of a stiffening elastic

material, with a positive curvature d2σ/dγ2. This change in sign of the curvature after

glutaraldehyde fixation can also be obtained with single cell experiments [10].

The dramatic effect of glutaraldehyde is restricted to a large deformation. Below 2% strain it

does not affect the response significantly. Thus, the shear modulus of the monolayer does not

change substantially, indicating that the effect of glutaraldeyde is limited to altering the flow

properties of the material. For a further confirmation of this idea we compare the numerical

derivative dσ/dγ of the stress-strain relation obtained after fixation with previous results on

single cells (see Fig. 19 (inset)). The numerical derivative as a function of stress is very

similar to the stiffening master-relation described in Ref. [8] Both slope dσ/dγ and stretch

moduli are constant for small deformations, and stiffen beyond 20% strain. This agreement

conclusively proves that the stiffening response is independent of any biological processes

such as e.g. signalling, restructuring, crosslink-dynamics or motor activity.

II.5.3. Inhibition of myosin-II motors

The glutaraldehyde experiments described in the previous section shows that the cell

response is drastically altered when the cells aremade passive or dead with fixed crosslinks

and filaments. However, it is not clear as to what extent the dynamics of motor molecules are

involved in controlling cell mechanical properties. A separate experiment is required to

explore this aspect.

In order to assess the role of myosin-II motors on cell mechanics, we inhibit them using the

specific drug Blebbistatin [20, 21]. Ramp experiments, like the one discussed in the previous

section, do not reveal any qualitative differences compared to normal cells (data not shown).

We still observe a linear stress-strain relation after the initial loading or unloading, although

the moduli G' and G" are slightly lower compared to normal cells. Previously reported



microrheology experiments have shown a qualitative difference in the frequency response

obtained from blebbistatin treated cells [5]. In order to compare our results with this report

we performed frequency sweeps using the present technique and obtained the results shown

in Fig. 20.

As a control, we perform an amplitude sweep and frequency sweep on the untreated cell

monolayer. We then add the drug at a final concentration of 150 micromolar to the cells.

After a waiting time of 10 min the amplitude sweep and frequency sweep is repeated. No

significant difference is observed in any of the two experiments, aside from a prefactor. To

rule out the possibility of the drug not working, we tested its effect on arresting the

oscillatory dynamics of freely suspended fibroblasts [22],

III. DISCUSSION

HI. 1 Summary of experimental results

The Cell Monolayer Rheology technique is a very versatile method for probing the complex

rheological properties of cells. Linear viscoelastic properties, nonlinear responses which arise

under different loading conditions, temporal variations, and plastic flow properties are all

accessible using this method. In the past, rheological investigations on collections of living

cells often addressed cells inside a protein matrix, such as collagen gels [23, 24].

Interpretation of the data obtained in this way is difficult, as the extracellular matrix itself has

mechanical properties very similar to those of cells. In our case, the external medium is a

Newtonian liquid with a negligible viscosity. Another approach are sedimented cell pellets

[25] Our cell monolayer technique has the advantage of a clean geometry where cells are

mechanically independent from each other. Therefore, each measurement gives an arithmetic

mean over ~ 106 cells, making the experimental results highly reproducible and easy to

perform compared to single cell techniques. Functionalising the plates using adhesion

promoting proteins allows the cells to form specific cell-substrate adhesion, at the same time

maintaining a simple overall cell geometry when compared to spread cells used in

microrheology studies. As we demonstrate, the role of different cytoskeletal components and

the comparison between active and passivated cells can also be performed using biochemical

techniques, without mechanically perturbing the cell monolayer. Incidentally, the results



obtained do depend on the gap between the plates. An optimum gap is chosen for the

experiments so that the cells are not too strongly compressed (see Appendix).

Harmonic oscillation experiments clearly show that a strict linear regime does not exist for

the storage modulus G' even at the smallest strain amplitude of about 0.2%, at a frequency of

5 Hz (Fig. 7). An amplitude range of 0.2%-2% may be considered approximately linear. The

frequency sweep in this approximately linear regime (Fig. 8) exhibits a clear power-law

increase of both G' and G" over three decades of frequency (10-2 H z 30 Hz). Moreover, the

G' and G" curves remain parallel throughout the frequency range. There is no crossover from

an elastic to viscous behaviour.

Relaxation, creep and recovery experiments performed by applying step strains and step

stresses, respectively, reveal the existence of a continuum of relaxation times in the system

(Fig. 10). The stress relaxation continues even at the longest observation times (10 min). The

relaxation spectra obtained at different loading strains are different only by a constant scaling

factor (Fig. 10). Creep as well as strain recovery experiments (Fig. 9 and 12) too show long

time recovery effects (> 20 min). Convolution of relaxation moduli and creep compliances

shows that initially nonlinear responses become linear after a certain time, which amounts to

100 s for experiments performed at ~ 100% strain (Fig. 13).

Cyclic loading experiments show an evolution of the initial response towards a steady state

"limit cycle" (Fig. 14). When a rest time of 10 min is allowed the system recovers the initial

"virgin response". This can be observed for different loading rates. Varying the strain

amplitude reveals a surprising feature of the cell response. The response which is nonlinear at

small strains becomes almost perfectly linear as the strain increases (Fig. 15). This entry to

linearity at large amplitudes is observed for the studied strain rates of 10 3 s to 1 s 1 (Fig.

16). On reversing the sense of strain rate (unloading) the cells again exhibit an initial

nonlinear response and a later linear response. Within the explored range, with increasing

strain rate the linear modulus and the hysteresis increase.

The viscoelastic moduli as a function of stress show a power-law stiffening response above a

threshold stress (Fig. 17). Both moduli stiffen as a function of stress with a very similar

power-law exponent. The threshold stress values are also similar for both moduli.



Drug experiments reveal the following. When actin filaments are depolymerised, the cells are

transformed from viscoelastic objects to almost purely viscous ones. When the cell

cytoskeleton is permanently crosslinked using a fixation agent, the large amplitude linear

response is replaced by a strong stiffening response. Inhibiting myosin motor molecules, on

the other hand, does not produce any qualitative change in the rheological behaviour of the

cells.

III.2 Comparison of different results

In this section we compare the different results discussed above in order to reveal some

general trends in fibroblast cell mechanics and compare them with the recent literature.

Cell response timescales: The frequency scan performed using small amplitudes harmonic

oscillations (Fig. 8) is in excellent agreement with the relaxation spectra obtained from the

step strain experiments (Fig. 10). Both experiments show that there exists a continuum of

relaxation times in the system. The relaxation continues to happen even at the longest

observation times. Power-law relaxation spectra have been observed for a variety of cell

types using microrheology and AFM techniques [3, 4, 26, 27], This, apart from validating the

CMR technique, shows that the collective response of 106 cells is indeed comparable to

single cell responses obtained under different conditions. Recovery spectra recorded at zero

stress gives a similar picture for the timescales involved (Fig. 11), with the strain recovery

continuing even at long times (> 20 min.).

Constant strain rate experiments performed at different loading rates show an increase in the

slope of the stress-strain relation with increasing rate (Fig. 16). This is expected for

viscoelastic materials, and can in principle be understood in terms of linear viscoelasticity.

Linear and nonlinear regimes: The stress relaxation curves recorded at different strains and

recovery recorded at different initial strain values collapse to the same curve on

normalisation using the respective initial values. Thus, these responses are independent of the

initial loading condition, as expected for a linear regime. In the case of creep experiments, at

large stresses a qualitatively different response is observed (see Fig. 12). However, as the

convolution of compliance and relaxation modulus conclusively shows, the cell monolayer



asymptotically becomes a linear, passive system for times longer than ~ 100 s. This is even

more remarkable as the strains involved are of the order of 100%.

Another counterintuitive behaviour is observed in cyclic constant-rate loading experiments

(Fig. 15 and Fig. 16). The response which is nonlinear at small strains becomes almost

perfectly linear at large strains. On reversing the sense of deformation, the response is

nonlinear at large strains and becomes almost linear at lower strain values. These effects are

more clearly seen at lower strain rates (Fig. 16). Thus, the initial response of the cells to large

constant rate straining is nonlinear and there is a crossover to linear behaviour as the straining

is continued. This observation is very similar to that observed in single cells using the

microplate stretching technique [10, 16].

Stress stiffening: Harmonic oscillation experiments performed on cells under nonzero

average stress show a power-law stiffening response for both G' and G" as a function of the

average stress (Fig. 17). This strain independent stress-stiffening observed in our monolayer

shearing experiment is remarkably similar to that previously observed in single cell stretching

experiments [8]. Similar stiffening responses have also been reported for tissues [17]. Unlike

the increase in the modulus as a function of rate observed in Fig. 16, this stiffening is a

nonlinear effect. When the cell cytoskeleton is made permanent using a fixing agent, the cell

exhibits a stiffening response over a very wide amplitude range replacing the linear stress-

strain relation observed in normal cells (Fig. 19 (inset)).

Correlation between G' and G": It is also interesting to compare the correlation in the

behaviour of the two moduli G' and G" in the different experiments. In frequency scans, both

moduli increase with frequency with very similar power-law exponents for the entire range of

frequencies (Fig. 8). The loss tangent remains almost constant as previously reported using

other techniques [4, 27]. Such a strongly correlated behaviour is even more striking in the

stress-stiffening response (Fig. 17). Here, the crossover threshold as well as the exponent for

the power-law stiffening response are very much comparable for both moduli. However, in

experiments probing the frequency response of single cells in suspension using an optical

stretcher technique, a crossover from elastic to viscous behaviour is observed as the

frequency is reduced [28]. Presumably this reflects the differences in boundary conditions,

which should lead to different cytoskeletal structures.



Comparison of normal cells and biochemically modified cells: Depolymerisation of actin

filaments causes the cells to lose their elastic properties almost completely (Fig. 18). This

transformation clearly shows that, at an optimum gap (see Appendix), we are indeed probing

the mechanical responses of the actin cytoskeleton in the cells. Any contribution coming

from microtubules, intermediate filaments or the nucleus are negligibly small. Large

amplitude, constant rate loading experiments performed on normal living cells and cells with

fixed cytoskeleton (permanent crosslink and filament structure) produce completely different

cell responses (Fig. 19). The linear regime which is clearly observed in normal cells for a

wide range of loading rates is replaced by a stiffening response in fixed cells. This

experiment conclusively proves that dynamic crosslinks, or filaments are necessary for the

large amplitude responses exhibited by normal cells. Motor proteins, which also form a class

of dynamic crosslinks with the ability to generate active forces and relative motion between

filaments, do not appear to play a prominent role in the studied responses as discussed in the

text. A comparison of the frequency sweeps on normal cells and that performed on cells with

inhibited myosin motors shows only a slight reduction in both G' as well as G" upon drug

treatment, while retaining the qualitative features of the normal cell response (Fig. 20). This

result, which we obtain by shearing a cell monolayer, is qualitatively different from

microrheology experiments performed using optical tweezers on single cells [5]. In the latter

case the loss modulus G" becomes independent of frequency when myosin motors are

inhibited.

Ill, 3 Conclusions and speculations

Taken together, our results lead to the following picture of cell mechanics. The actin

cytoskeleton defines cell mechanical behaviour via an interplay between nonlinear elastic

behaviour and linear inelastic behaviour. At short timescales, crosslinks stick and the network

responds elastically. Due to its nonlinear elastic properties, it stiffens at a large average

stress. This stiffening response is by now well established as a general feature of biopolymer

networks [3, 17, 29], and can even be observed in vitro in crosslinked actin networks [30].

Proposed explanations range from entropic stretching [30, 31] to enthalpic bending [8, 32,

33]. If the stress is further increased, the extent of linear inelastic flow increases dramatically

in a non-Newtonian fashion. The microscopic mechanism for this inelastic response is most

likely crosslink slippage, but may also involve filament growth. The inelastic flow regime

goes hand in hand with a remarkably linear stress-strain relation. Such a behaviour is by no



means unique to biological cells: under the name of kinematic hardening [34], it i s commonly

observed in composite alloys [35, 36], as well as in rubbery polymers [37] and granular

materials [38]. Microscopic understanding of this hardening response may well b e a crucial

step for the further development of cell mechanics.

Living cells may respond to the sudden mechanical stimulus by undergoing a transient

reoganisation of its internal structure. Subsequently, since the input is kept constant after the

initial stimulus, the system could evolve towards a "steady state organization" with time.

This may explain why a strict linear regime is elusive in the amplitude sweeps (even at about

0.1% strain), where the cell is under continuous mechanical perturbation.

IV. APPENDIX: Effect of gap thickness

Changing the distance between plates has an effect on the monolayer response. We study this

by means of oscillatory and stress relaxation experiments. Because of this gapdependence,

the experimental protocol should always begin with a gap-optimisation.

IV.1 Frequency sweep at 1% amplitude

Figure 2 1 shows a set of frequency sweeps performed at a strain amplitude ∆γ =1%, starting

from an the initial gap of 6 µm. A weak dependence of G' with frequency can be seen. When

measurements are performed as soon as the monolayer is loaded between the plates and again

after one hour, both G" as well as G' increase by about a factor of two. This ay be attributed

to cytoskeletal restructuring which is expected to occur as the cells develop focal adhesion

complexes with the fibronectin coated plates. Similar effects can be observed on single-cell

experiments [27]. Increasing the gap from the initial 6 µm to 22 µm lowers both moduli by

over a decade, though their frequency dependence is not significantly affected. This effect is

most likely due to a decrease in the number of cells contacting both plates.

IV.2 Step strain and stress relaxation

Stress relaxation experiments performed at different gaps agree with the results shown above.

The monolayer is much stiffer at smaller gaps (see Fig. 22). As discussed earlier, this effect is



most likely due to a larger number of cells contributing to the measurement. At very small

gaps (about 4 µm), the data becomes noisy and the relaxation curve behaves in an

unconventional way. The stress is seen to increase about 100 s after applying the step strain.

At 4 µm, the cells are strongly compressed and the nucleus too is expected to be under

compression.
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Patent Claims:

1. A method for determining the mechanical properties of cells (14a), comprising:

a) providing a biological cell sample to be tested and microbeads, wherein the

diameter of the microbeads is about the average diameter of the cells nucleus;

b) mixing the biological cell sample and the microbeads;

c) forming the mixture into a monolayer (14) of cells and microbeads;

d) applying shear stress and/or shear deformation to said monolayer (14); and

e) measuring the mechanical response of said cells in said monolayer (14).

2. The method of claim 1, wherein the diameter of the microbeads is between 80% and

120 % of the average diameter of the cells' nucleus.

3. The method of claim 1 or 2, wherein the diameter of the microbeads is between 90%

and 110 % of the average diameter of the cells' nucleus.

4. The method of one or more of claims 1-3, wherein the lower limit of the microbeads'

diameter is defined as a diameter, which avoids an internalization of said microbeads by said

cells.

5. The method of one or more of the preceding claims, wherein the microbeads are

comprising glass, metal, latex or plastic materials.

6. The method of one or more of the preceding claims, wherein the number ratio

between the cells and the microbeads in the mixture formed in b) is from 1; 1 to 1:10000

7. The method of one or more of the preceding claims, wherein the cell sample is an

animal or human cell sample.



8. The method of one or more of the preceding claims, wherein the cell monolayer (14)

is formed by suspending the cells (14a), mixing them with the microbeads and placing them

between two parallel plates (2, 3).

9. The method of claim 8, wherein in step c) the cells (14a) in mixture are placed on the

lower plate (2) and the upper plate (3) then is lowered after a defined time period, preferably

about 10 min, until the cells (14a) are slightly compressed and until the distance between

both plates corresponds to the microbeads' diameter.

10. The method of claim 9, wherein in the end of step c), the cells (14a) adhere to both

plates (2, 3).

11. The method of claim 10, wherein subsequent to step c), the distance between the

upper and the lower plate is enlarged until a condition of negative normal force (Fn) is

reached.

12. The method of one or more of claims 1-11, wherein the cells (14a) contained in the

cell sample are of low or high adherence to the plates (2, 3).

13. The method of one or more of the preceding claims, where the cell density can be

adjusted to get a collection of isolated cells at a predefined density.

14. The method of one or more of the preceding claims, wherein the method comprises

the additional step that the information obtained in step e) is used in a diagnostic method.

15. The method of claim 14, wherein the diagnostic method is for diagnosis of

cancer/precancer.

16. The method of claims 14 or 15, wherein the change of the mechanical properties of

the cell sample in view of normal cells is indicative for the presence of a

cancerous/precancerous condition in a patient.

17. A device (1) for performing the method of one or more of the preceding claims,

comprising:



- two essentially parallel and horizontal plates (2, 3) having a gap (8) between them;

- means for introducing a mixture of microbeads and biological cells (14a) in the gap

(8);

- means for forming and maintaining a monolayer of the mixture of microbeads and

biological cells (14) in the gap (8);

- an actuator (5) for moving the two plates (2, 3) relative to each other for applying

shear stress and/or shear deformation to the monolayer (14) causing the cells (14a) in the

monolayer (14) to deform; and

- measuring means (16) for measuring the relative movement of the plates and/or the

shear stress and/or shear deformation.

18. The device of claim 17, wherein the measuring means (16) is a transducer configured

to measure a force and/or a torque transmitted by the actuator (5) to the plates for moving the

two plates (2, 3) relative to each other and to measure the relative movement of the plates (2,

3) in terms of displacement and/or angular displacement.

19. The device of claims 17 or 18, wherein the actuator (5) is configured to rotate the

upper plate (2) with respect to the lower plate (3).

20. The device of claim 19, wherein at least one of the plates (2, 3) comprises an elevated

ring surface (25), so that only cells on the elevated ring contribute to the measurement.

21. The device of claim 20, wherein the elevated ring surface (25) is produced by means

of a circular recess (23) formed in at least one of the plates, which circular recess (23) has a

width (W) between 50µm - 1 mm, preferably of about 100 µm.

22. The device of one or more of claims 17-21, having a controller (22) such that

arbitrary torque-angular displacement and/or force-displacement relations can be measured.

23. The device of one or more of claims 17-22, wherein the means for forming and

maintaining the monolayer (14) in the gap comprise an actuator (5) configured to adjust the

distance between the plates, so that it is suitable for measurement, and maintain that distance

during the measurement.



24. The device of one of claims 17 - 23, wherein a variation of the gap width (G) is below

a half cell diameter, preferably below 1 micrometer, across the entire surface of the plates (2,

3) used for measuring.

25. The device of one or more of claims 17-24, wherein the two plates (2, 3) are

maintained essentially parallel during the measurement.

26. The device of one or more of claims 17-25, further comprising optical means (17, 21)

for checking the parallelism of the two plates (2, 3).

27. The device of one or more of claims 17-26, wherein the surfaces of the plates (2, 3)

are coated with cell adhesion promoting molecules, preferably fibronectin.

28. The device of one or more of claims 17-27, wherein the means for introducing the

mixture of microbeads and cells comprise a hole (13) in one of the plates (2, 3), through

which the cells can be introduced into the gap.

29. The device of one or more of claims 17-28, which additionally comprises a means for

controlling the temperature of the plates.

30. The device of one or more of claims 17-29, which additionally comprises an objective

(17) and/or a camera (21) for verifying the cell state, cell adhesion or to measure the cell

density.

31. The device of one or more of claims 17-30, wherein the diameter of the microbeads is

about the average diameter of the cells' nucleus, preferably between 80 and 120 %, more

preferably between 90 and 110 % of the average diameter of the cells' nucleus.

32. The device of claim 31, wherein the lower limit of the microbeads' diameter is defined

as a diameter, which avoids an internalization of said microbeads by said cells.

33. The device of claim 3 1 or 32, wherein the size of the microbeads is between 200 nm

and 20 µra, preferably between 1 and 15 µm, more preferably between 6-8 µm.



34. The device of claim 31-33, wherein the microbeads are comprising glass, latex, metal

or plastic materials.

35. The device of one or more of the preceding claims, wherein the number ratio between

the cells and the microbeads in the mixture formed in b) is from 1:1 to 1: 10000.
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