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METHOD OF AND APPARATUS FOR
STUDYING FAST DYNAMICAL
MECHANICAL RESPONSE OF SOFT
MATERIALS

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS REFERENC.

(L]

This application 1s related to provisional application
60/778,638 filed on Mar. 2, 2006 entitled “Method of study-

ing fast dynamical mechanical response of soft materials with
the atomic force microscopy method” and 1s hereby incorpo-
rated by reference.

FIELD OF THE INVENTION

This mvention relates to the use of the Atomic Force
Microscopy (AFM) method to study dynamical (in particular,
viscoelastic) properties of soit tissue, 1n particular, biological
tissues, cell, etc. The invented hardware/software 1s used to
accelerate the time of measurements significantly.

BACKGROUND OF THE INVENTION

Mechanical properties of soft materials are of great inter-
est. Studying mechanical properties 1s determined as collect-
ing and processing data to obtain information about material
rigidity, toughness, etc. in both static and dynamic (viscoelas-
tic response) regimes. For example with biological cells, the
study of cell mechanics 1s of great importance not only for
bioengineering, but also for human health, since changes in
the rigidity of tissues 1s implicated 1n the pathogenesis of
many diseases. Atomic Force Microscopy (AFM) has been

used to study cell rigidity for more than a decade having been
disclosed by Binning 1n U.S. Pat. No. 4,724,318 1ssued on

Feb. 9, 1988 (now Re. 33387 1ssued on Oct. 17, 1990) and
hereby imncorporated by reference. The main problems of this
approach are in the nature of both objects of study (for
example, biological cells) and the technique (AFM) 1itself.
Cells, or any other soft heterogeneous surfaces being intrin-
sically variable and inhomogeneous objects, require a large
number of measurements to attain statistically robust results.
The AFM related problem i1s as follows. The time required for
such data acquisition can be too long to be practical. During
a long time of measurements, the characteristics of the test
objects can change, which makes the process ol measurement
meaningless.

The problem of getting dynamical (for example, viscoelas-
tic) data for soft samples, 1n particular, biological cells, 1s very
time consuming in nature. While the technique 1s relevant to
other samples, we will discuss biological cells as a represen-
tative example. Keeping cells viable and steady under the
AFM for along time 1s ssmply impractical. To date, one of the
most detailed studies, Park et al, ' was done by collecting
force curves only 1n about three points per cell for the total
statistics of about ten cells per cell line (three cell lines were
analyzed). As one observes from Berdyyva et al *, to make a
statistical conclusion on a cell line, one would be expected to
collect at least several hundreds of the force curves (16x16
force curves 1n the example of reference 2) per cell region ({or
example, three different regions were 1dentily 1n the case of
epithelial cell) with simultaneous collection of the surface
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2

topography of information. Knowledge of sample topogra-
phy 1s paramount here because the surface must be flat to be
processed with the existing models. The fastest way to collect
both force and the surface topography 1s the use of the well-
known force-volume mode of the AFM operation. The 1 Hz
data collection used in Park et al " would require requires
10-30 minutes (depending on topology of the surface) in the
force-volume mode to collect the data with a single fre-
quency. With collecting frequency data 1n the range of 50-300
Hz ', one would need at least 10 frequency points (better 20 or
more). So, the time required to obtain data per cell should be
in the range between S5 hours (16x16 pixels, 3 regions, 10
minutes per FV scan, and 10 points) to 30 hours (16x16
pixels, 3 regions, 30 min, 20 points) for a single cell. While
doing measurements for several hours per cell 1s theoretically
feasible, 1n practice this would require too much work to
collect reasonable statistics (at least ~10 cells). Cancer cells,
for example, will require even more cells to measure due to
their itrinsically high variability. Moreover, those cells are
much more sensitive to the environment, and consequently, 1t
1s harder to maintain their viability over extended period of
time.

SUMMARY OF THE INVENTION

i

T'he object of the invention 1s an apparatus and method
including hardware and software, which allows collecting
and analyzing data to obtain information about mechanical
properties of soit materials 1n a much faster way. The appa-
ratus can be used as a stand-alone device or an add-on to the
existing AFM device. The apparatus allows collecting
dynamical measurements using a set of multiple frequencies
of interest at once, 1n one measurement instead of sequential,
one frequency 1n a time, measurements.

BRIEF DESCRIPTION OF DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this imnvention will become more readily appreciated
as the same becomes better understood by reference to the
following detailed description, when taken 1n conjunction
with the accompanying drawing, wherein:

The FIGURE 1illustrates a block diagram of a preferred
embodiment of the invention.

DESCRIPTION OF THE INVENTION

The solution to the problem outlined above 1s the subject of
the present invention. It 1s based on a concept similar to that
described 1n “Analysis of experimental Constraints and vari-
ables for time resolved detection of Fourier transform elec-
trochemical impedance spectra.”” (FT-EIS), by Garland et al”.
In that technique all frequencies of interest are sent to the
probe all at once, 1n parallel, not sequentially as done regu-
larly. The key point of the Garner technique 1s that there 1s no
cross-talk (non-linear response) between oscillations with
different frequencies, provided the amplitudes of oscillations
are suiliciently small. As was shown and proven in Garland et
al. and Popkirov et al %, this is n universal behavior which
doesn’t depend on complexity of the system being measured
(mathematics used to prove the above statement operates with
some “‘response’” Tunction, which could have not necessarily
be electrochemical, but viscoelastic nature, as well). That 1s
why this approach will work for the study of mechanics of
soit matter. This 1s because the cross-talk 1s a non-linear
response that 1s proportional to higher orders of amplitude
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than the linear term. Consequently, 1t decays faster with the
decrease of the oscillation amplitudes.

The realization of the solution requires a change 1n hard-
ware and software of an existing AFM setup. However, the
AFM approach 1s easier to implement than FI-EIS, which
requires a specially built potentiostat. Therefore, i1t 1s
expected that the new technique will be broadly used.

The FIGURE 1llustrates the hardware and software appa-
ratus 10. The control of the AFM scanner 12 1s undertaken by
a computer 14 running software written 1n programming lan-
guage (for example, LabView, C, Visual Basic, Matlab). An
AC wave consisting of definite number of frequencies (rang-
ing from 0.001 Hz to tens of MHz) 16 and a DC offset, 18
ranging from zero to a voltage required to produce the deflec-
tion of the AFM scanner sufficient to make deformation of
interest of the surface being studied) 1s generated by a set of
signal generators, 20 and 22. An example of technical real-
1zation of such the generators includes multifunctional Data
Acquisition (DAQ) cards. 24 For example, National Instru-
ments, Inc. provides a variety of such cards. Both signals are
sent together (through an amplifier) to control the AFM scan-
ner. In this way, a slow DC offset used to move the tip up and
down, 1s superimposed within block “S” 26 with the high
frequency but, small amplitude AC wave that consists of a
large number of individual sine-waves of different frequen-
cies. This provides the AFM scanner with the required oscil-
lations together with a slow changing of the load force. The
signal from the AFM cantilever 28 (for example, from the
AFM photo detector 30 in the example of an optical system of
detection of the cantilever detlection) 1s collected, and
together with the input signal 32 are analyzed by FFT (Fast
Fourier Transform) 34 method. For example, The Lab VIEW
Fourier transtorm VI 1s described 1n the Lab VIEW manual
and 1s hereby incorporated by reference). Because of the
viscoelastic response of the material being studied, the phase
of the collected signal (with respect to the input signal) will
change, and 1s to be calculated. The FFT method allows
calculating both the amplitude and phase of the signals of
different frequencies simultaneously. This makes data analy-

s1s very fast. All details of calibration, removal of contribution
of liquid etc. are described 1n the Park et al.(1), Mahatly et
al.(5), Mahaffy et al.(6), and Alcaraz et al.(7). =",

The mvented method allows reducing the required time per
cell to less than 1.5 hours, generally between 0.5-1.5 hours,
which 1s a significant reduction from prior methods and 1s a
practical time because 1t 1s not only less than the lifetime of a
cell 1n our experiments on epithelial cells, but also fairly
stable rigidity measurements on a single cell 1s observed
during ~2 hours. Therefore the method claimed overcomes
the fragility of the cells.

Apart from the application to the cell mechanics, the
invented method can also be used 1n a variety of applications.
Because the method allows considerable acceleration 1n mea-
suring dynamical mechanical properties, 1t 1s expected to
allow studying fast changes in viscoelastic properties of
changing materials such as biological materials, reactive soft
materials, polymers, etc.

The illustrative embodiments and modifications thereto
described hereinabove are merely exemplary. It 1s understood
that other modifications to the illustrative embodiments will
readily occur to persons of ordinary skill 1n the art. All such
modifications and vanations are deemed to be within the
scope and spirit of the present invention as will be defined by
the accompanying claims.
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I claim:

1. A device comprising:

performing a fast dynamical mechanical response of soft
materials further comprising;:

an atomic force microscope scanner having a cantilever
and a probe;

a computer programmed to provide [said] AC signals and
[said] a DC offset voltage;

said AC signals coupled to a first input of [said] @ summing
device;

said DC offset voltage coupled to a second mput of said
summing device;

said summing device provides said AC signals and said DC
offset voltage to said atomic force microscope [access
box] and a first input of a computer via a data acquisition
card;

[said access box provides] said summed signal is coupled
to an mput of said atomic force microscope scanner;

[said access box receives an output signal from said atomic
force microscope scanner;}

[said] ar output signal is coupled to a second input of said
computer from said atomic force microscope [access
box] via said data acquisition card;

said computer programmed to conduct an analysis of data
from said summation device and said atomic force
microscope scanner, wherein said program conducts a
Fast Fourier Transform analysis of said data.

2. The apparatus of claim 1 wherein said analysis 1s com-

pleted 1 a time of less than 1.5 hours.

3. The apparatus of claim 1 wherein said AC signals turther
comprise a plurality of frequencies between [1000] 0.001 Hz
and [100] tens of MHz.

4. The apparatus of claim 1 wherein an amplitude of said
AC signals 1s sufliciently small to avoid cross-talk (non-linear
response) between signals of diflerent frequencies.

5. The apparatus of claim 1 wherein said DC oflset voltage
ranges from zero to a voltage required to produce a detlection
of said scanner being used to make deformation of interest
relative to a sample being studied.

[6. The apparatus of claim 1 wherein said probe is a photo
detector.]
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7. The apparatus of claim 1 wherein said analysis includes
the study of fast changes 1n viscoelastic properties of materi-
als such as biological matenals, reactive soft materials, or
polymers.

8. An apparatus comprising:

providing input signals to and receiving [from] an output
signal from an [external] atomic force microscope scan-
ner for performing a fast dynamical mechanical
response analysis of soit materials further comprising:

a computer programmed to provide [said] AC signals and
[said] a DC offset voltage;

said AC signals are coupled to a first input of a summing
device;

said DC offset voltage is coupled to a second mput of said
summing device;

said summing device provides said AC signals and said DC
offset voltage to said atomic force microscope [access
box] and a first input of a computer via a first data
acquisition card;

said [access box provides] summed signal is coupled to an
input of said [external] atomic force microscope scan-
ner;

[said access box receives an output signal from said exter-
nal atomic force microscope scanner;]

[said] ar output signal from said atomic force microscope
scanner is coupled to a second input of said computer
[from said atomic force microscope access box] via a
second data acquisition card;

said computer programmed to conduct an analysis of data
from said summation device and said external atomic
force microscope scanner, wherein said program con-
ducts a Fast Fourier Transform analysis of said data.

9. The apparatus of claim 8 wherein said analysis 1s com-

pleted 1n a time of less than 1.5 hours.

10. The apparatus of claim 8 wherein said signals comprise

a plurality of frequencies between [1000] 0.001 Hz and [100]
tens of MHz.

11. The apparatus of claim 8 wherein an amplitude of said
AC signals are sufficiently small to avoid cross-talk (non-
linear response) between signals of different frequencies.

12. The apparatus of claim 8 wherein said DC offset volt-
age ranges from zero to a voltage required to produce a
deflection of said scanner being used to make deformation of
interest to sample being studied.

13. The apparatus of claim 8 wherein said analysis includes
the study of fast changes 1n viscoelastic properties of materi-
als such as biological matenals, reactive soft materials, or
polymers.

6

14. A method comprising;:

performing a fast dynamical mechanical response of soft
materials further comprising;:

generating a plurality of AC signals;

5 generating a variable DC oflset voltage;

summing said plurality of AC signals and said DC offset
voltage;

coupling said summed signal to an input of an atomic force
microscope scanner and to an input of a data acquisition

10 card;

using a cantilever and probe portion of said scanner to
measure a sample; coupling an output of said probe to a
second 1nput of said data acquisition card;

coupling a first output of said data acquisition card repre-

15 senting said input signal to said scanner to a first input of

said computer;

coupling a second output of said data acquisition card
representing said output signal of said scanner to a sec-
ond 1nput of said computer;

20  performing a fast Fourier transform analysis of said sample

using said input signal and said output signal.
15. The method of claim 14 wherein said analysis 1s com-
pleted 1n a time of less than 1.5 hours.
16. The method of claim 14 wherein said signals comprise

25 a plurality of frequencies between [1000] 0.00! Hz and [100]
tens of MHz.

17. The method of claim 14 wherein an amplitude of said
AC signals are sufliciently small zo avoid cross-talk (non-
linear response) between signals of different frequencies.

30  18.The method of claim 14 wherein said DC offset voltage
ranges from zero to a voltage required to produce a deflection
of said scanner being used to make deformation of interest to
sample being studied.

19. The method of claim 14 wherein said analysis includes

35 the study of fast changes 1n viscoelastic properties of materi-
als such as biological materials, reactive soil materials, or
polymers.

20. The apparatus of claim 3, wherein said AC signals
further comprise a plurality of frequencies between 5 Hz and

40 300 Hz.

21. The apparatus of claim 10, wherein said AC signals
further comprise a plurality of frequencies between 5 Hz and
300 Hz.

22. The apparatus of claim 16, wherein said AC signals

45 further comprise a plurality of frequencies between 5 Hz and

300 Hz.
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