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Abstract. We studied the dynamics of two types of intracellular probe
particles, ballistically injected latex spheres and endogenous granules,
in tumor cell lines of differerent metastatic potential: breast tumor
cells (MCF-7 malignant, MCF-10A benign) and pancreas adenocarci-
noma (PaTu8988T malignant, PaTu8988S benign). For both tissue
types and for both probes, the mean squared displacement (MSD)
function measured in the malignant cells was substantially larger than
in the benign cells. Only a few cells were needed to characterize the
tissue as malignant or benign based on their MSD, since variations in
MSD within the same cell line were relatively small. These findings
suggest that intracellular particle tracking (IPT) can serve as a simple
and reliable method for characterization of cell states obtained from a
small amount of cell sample. Mechanical analysis of the same cell
lines with atomic force microscopy (AFM) in force-distance mode
revealed that AFM could distinguish between the benign and malig-
nant breast cancer cells but not the pancreatic tumor cell lines. This
underlines the potential value of IPT as a complementary nanome-

chanical tool for studying cell-state-dependent mechanical properties.
© 2009 Society of Photo-Optical Instrumentation Engineers. [DOIl: 10.1117/1.3257253]

Keywords: intracellular particle tracking; ballistic intracellular nanorheology;
atomic force microscopy; cytoskeleton mechanics; cancer cells.

Paper 09242R received Jun. 11, 2009; revised manuscript received Sep. 3, 2009;
accepted for publication Sep. 8, 2009; published online Nov. 4, 2009.

1 Introduction

Tumor cells can be characterized by different states, reflecting
the potential for rapid growth and metastasis. These properties
are essential for a disease prognosis and a selection of treat-
ment options. Usually, tumor cells from surgery specimens or
biopsies are characterized by microscopy after cell staining.
Recent developments also use molecular or physical cell
properties. One group of such methods is the in vitro micro-
scopic analysis of small amounts of living cells, isolated from
tumor samples.

Different criteria can then be used to distinguish between,
for example, malignant and benign cancer cells. A recent ad-
dition to the spectrum of microscopic in vitro techniques is
the characterization of cancer cells via their mechanical
properties.l’3 This new direction in cancer research connects
well to the emerging fields of mechanobiology and nanome-
chanical medicine. Especially the latter field capitalizes on the
strong relation between the health state of the cell and prop-
erties like its elastic stiffness or its viscoelastic spectrum. Re-
cent studies have indicated that besides cancer, also a variety
of other diseases are linked to the changes of cell mechanical
properties.4

An excellent example of a nanomechanical technique is
atomic force microscopy (AFM). This technique was success-
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fully used by Cross et al.>® on populations of individual cells,
to distinguish between healthy and malignant tissue from the
lung, breast, and pancreas. Significant differences in elastic
modulus were found also for (populations of) cells that were
not distinguishable by morphology. Also Li et al.” used AFM
to distinguish between benign and malignant breast cancer
cells. They reported a viscoelastic response with different
magnitude for the two types. However, in spite of these
proven capabilities, AFM remains a time-consuming and
complex technique. The main experimental challenges are the
alignment of the tip with respect to the cell,” the softness of
the cell,9 and the lack of control over local strain.'

In this paper, we will explore an alternative microscopic
technique, which we will call intracellular particle tracking
(IPT) for the sake of convenience. IPT is not generally known
under this name, but it captures the study of either endog-
enous or ballistically injected particles (BIPs) inside living
cells.""™"® The use of BIPs was introduced by the Wirtz group
and is known as ballistic intracellular nanorheology
(BIN).'"'>!% In IPT, video microscopy is used to track the
motions of particles residing in the cytoplasm. Quantification
of these motions via the time-dependent mean-squared dis-
placement (MSD) then allows to study the type of dynamic
behavior (from sub- to superdiffusive) as well as the ampli-
tude of the motions. The precise interpretation of these mo-
tions may differ from case to case. Several papersls’l(”19 re-
ported on BIN as a tool to measure intracellular visco-
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elasticity, while other studies®®?' showed evidence that also

molecular motors may contribute to particle motion. In antici-
pation of the latter, also a method of eliminating the ATP
driven processes has been proposed.'3 These various findings
indicate that IPT should not be regarded as a nanomechanical
tool by default. However, one would still expect that a change
in the cytoskeletal mechanics (like the softening of a cancer
cell) also becomes manifest as a change in the MSD. Then,
having MSD curves for reference states (e.g., healthy cell,
benign or malignant tumor cell) might allow us to character-
ize the cellular state from the MSD.

To explore this potential, we studied cancer cells of differ-
ent origin (breast and pancreas cancer) with IPT. Comparisons
between the MSDs of benign and malignant cancer cells were
made for both cell types, using two kinds of probe particles:
(1) endogenous granules (EGs), which can be visualized with
phase contrast microscopy, and (2) ballistically injected latex
particles (BIPs) with carboxylate groups at their surface and a
fluorescent core to facilitate visualization. Both probes are
attractive candidates for IPT applications and have been used
in previous IPT studies.'*'*'” To assess the utility of IPT in
comparison to other methods for mechanical diagnosis, we
also performed elasticity measurements on the same cells us-
ing AFM in force-distance mode.

We here show that for both breast and pancreas cancer
cells, and for both EGs and BIPs as probes, strong differences
in MSD are found for benign and malignant tumor cells. Also,
we can demonstrate that AFM and IPT inherently measure
different biomechanical aspects of the same cell, and could
hence serve as complementary techniques.

2 Materials and Methods
2.1 Cell Culture

Human pancreas adenocarcinoma PaTu8988S (PA-S) and
PaTu8988T (PA-T) cells were established from the same pan-
creatic tumor® and obtained from DSMZ (Germany). Cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing 5% fetal bovine serum, 5% horse serum,
and 1% (2 mM) L-glutamine (DSMZ, Germany). Human
breast epithelial adenocarcinoma MCF-7 cells were cultured
in RPMI1640 (Lonza) containing 10% FCS, 1% (2 mM)
L-glutamine, 10 pg/ml insulin, I mM sodium pyruvate, and
nonessential amino acids. Human breast fibrocystic epithelial
cells MCF-10A were cultured in Endothelial Growth Medium
2 (EGM-2; Lonza). Cells to be analyzed with AFM and intra-
cellular particle tracking (IPT) were grown on a Delta-T cul-
ture disk (Bioptechs, Butler, Pennsylvania) until they reached
80 to 100% confluency and were kept under physiological
conditions (37 °C, 5% CO,) until the measurements were
completed.

2.2 Nanomechanical Measurements with AFM

Force-distance (F-D) curves were obtained using a home-built
AFM head. This AFM, described in Ref. 23, uses the reflec-
tion of a laser beam for detection and contains a goggle for
liquid operation. To extend the (X, Y, Z) translation ranges to
100 um in each direction, it was mounted on a piezostage
(Physik Instrumente) that in turn was mounted on the table of
an inverted microscope (Nikon Eclipse TE300). In our appli-
cation, displacements of the cantilever base were controlled
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Fig. 1 Phase contrast images of pancreatic and breast tumor cells. (1)
Image demonstrating the AFM tip aligned over the central (nuclear)
region of a cell. The insets show the pyramidal tip in reflective imag-
ing mode and MCF-7cells in epifluorescent imaging mode. (2), (3),
(5), and (6) Typical morphology of a confluent monolayer of MCF-7,
MCF-10A, PA-T, and PA-S cells. (4) Illustration of the intracellular
locations of BIPs (here highlighted as black solid circles) in a mono-
layer of MCF-10A cells. The scale bar applies to all images and mea-
sures 10 wm.

by a Nanoscope III controller (Veeco). Cells were prestained
with Dil (Invitrogen, Breda, The Netherlands) to enable clear
distinction of nuclei and membrane, as needed for the vertical
and lateral positioning of the tip with respect to the cell. The
latter was achieved using a combination of transmission, re-
flection, and epifluorescent imaging mode [see Fig. 1 for an
impression].

All experiments were done using silicon nitride cantilevers
(Microlevers) having an experimentally determined spring
constant”* of 0.03 N/m and a pyramidal tip with a half open-
ing angle of 15 deg. For each cell line, 3 to 4 different cells
were studied, measuring 50 to 100 F-D curves per cell. Mea-
surements were always done on top of the nuclear area. The
typical force was 4 to 10 nN, corresponding to a typical in-
dentation of 0.5 to 1.0 wm, which is small compared to the
height of the cells. The F-D curves were also measured as a
function of loading rate, covering 0.05, 0.1, 0.5, 1.0, and
2.0 Hz, with each half-cycle corresponding to a travel of
2.5 um by the cantilever base. Apparent Young’s moduli E*
were obtained by fitting a modified Hertz model® to the data.
Here, the Poisson ratio of the cell was assumed to be 0.5, and
the finite thickness of the cytoplasm between the membrane
and the nucleus was not taken into account.

2.3 Intracellular Probes

We used two probes—ballistically injected particles and en-
dogenous granules. The EGs were confirmed to be predomi-
nantly lipid droplets as proven by staining with Nile Red (In-
vitrogen). These granules have a mean diameter =~0.5 wm
and appear as dark objects under phase contrast microscopy.
The typical number of EGs per movie recorded was 20 to 50,
which was sufficiently high for getting MSDs with a good
signal-to-noise ratio (SNR). The particles were generally dis-
tributed evenly over the perinuclear cytoplasm.

BIPs can be chosen in different sizes and surface chemis-
tries. Our BIPs were red-fluorescent carboxylated polystyrene
particles with a diameter of 0.2 um (Invitrogen). These par-
ticles appear as bright spots in confocal fluorescent imaging
and as black spots in brightfield mode. Ballistic injection is
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needed to obtain enough particles per cell. In this case, homo-
geneous spreading of the probes is ensured by the injection
method. We followed the procedure developed by Panorchan
et al."”> and adopted for our case as described in Ref. 14.
Briefly, a particle suspension at 2% weight concentration (In-
vitrogen) was diluted in pure ethanol and centrifuged at
8000 rpm for 15 min in a Micromax RF microcentrifuge
(IEC), after which the sediment was resuspended to reach
again 2% weight concentration in ethanol. For efficient injec-
tion, the particles were first spin-coated onto a macrocarrier
disk of the Biolistic gun (He/PS 1000, BioRad). Ballistic
bombardments were performed using optimized injection pa-
rameters (vacuum level, Helium pressure, carrier disk—cell
sample distance). To prevent endocytosis of noninjected par-
ticles, samples were flushed with growth medium extensively
after bombardment, replated, and incubated for at least 3 h
before the particle tracking experiments. This procedure
yielded typically 5 to 20 particles per cell.

2.4 Particle Tracking Using Optical Microscopy

Probe particles were visualized using the UltraView LCI10
system (Perkin Elmer), in which a Yokogawa spinning-disk
confocal unit is combined with a Nikon Eclipse TE-300 mi-
croscope. A 100X (NA 1.3) oil immersion objective was
used. BIPs were visualized in confocal fluorescence mode,
while endogenous granules were imaged in phase contrast
mode. In a typical movie, 2500 images were recorded with a
12-bit CCD camera (Hamamatsu) at ~17 fps for a typical
duration of 150 s. The image size was 87X 66 um, which
typically included 10 to 20 individual cells. The spatial reso-
lution corresponding to the images was 0.13 wm/pixel, and
the focal plane in which particles could be detected had a
width of ~1 um. For each cell line, 10 to 20 measurements
were done as visible in the field of view of the microscope.
Particle tracking was performed using the available particle-
tracking code written in IDL?® and described in Ref. 27.

Excellent descriptions of the theoretical background and
the methodology of particle tracking can be found in Refs. 18,
28, and 29. Briefly, the particles were localized per individual
frame (typical accuracy: 10 to 15 nm) after which the in-
plane (i.e., X, Y) displacements of the same particle were
combined into a trajectory. From these trajectories the mean
squared displacement (MSD) versus lagtime function is cal-
culated by averaging over particles and time steps:

AP () = {{[x,(t+ 1) = x, () + [y, (1 + D) =y, ()},

where x,(#) and y,(t) correspond to the position of particle p
at time f, the brackets () indicate an averaging over all times
t, and { } represents averaging over all particles p. More de-
tails on averaging issues and SNR can be found in Ref. 12. In
our case, the probe particles were compartmentalized in cells,
which in principle allow us to calculate average MSDs per
cell. In this study, averaging was done over all 10 to 20 mea-
surements that were recorded per cell line unless mentioned
otherwise.
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3 Results and Discussion

3.1 Intracellular Particle Tracking

In Fig. 1, phase contrast microscopy images are shown for
each of the studied cell lines. In all cases, the degree of con-
fluency was between 80 and 100%. For cell densities signifi-
cantly below 100%, benign cells could be recognized by their
tendency to form tightly bound colonies, while the malignant
pancreas tumor cells could be recognized by their relatively
high growth rate. However, once the cells had reached the
(near) confluent state, they could no longer be distinguished
by cell morphology. Figure 1 shows the morphologies of the
benign and malignant cells in the (near) confluent state.

The results of the IPT experiments with the four cell lines
are summarized in Fig. 2. Each subfigure shows the total av-
erage MSD obtained by subaveraging first over all particles in
the same image-time series (capturing 10 to 20 cells simulta-
neously), and subsequently over 10 to 20 such movies taken
at different locations in the culture dish. In Fig. 2(a), the sub-
average results are also shown (for BIPs in MCF cells). Im-
portantly, in some cell lines, not only the total average MSDs
of benign and malignant cells are strongly different, but also
the subaverage MSDs clearly reveal to which family of curves
(i.e., benign or malignant) they belong—for example, the dy-
namics of BIPs in breast tumor cells and the dynamics of EGs
in pancreas tumor cells. The same observation was made for
the other cell/probe combinations (not shown). Taken to-
gether, these findings suggest that only a few cells could be
sufficient to determine whether the sampled tissue contains
benign or malignant cells. Moreover, since the amplitude dif-
ference between the MSDs of malignant and benign cells is
very large (up to an order of magnitude) and also persists over
a large range of lagtimes (two decades), the outcome of such
a test would not critically depend on the precise time scale
(range) of the experiment.

The results of Fig. 2 raise two questions: (1) what could be
the physical origin of the different MSDs found for the same
type of probe particles in the benign and malignant cells, and
(2) why the MSDs for EGs and BIPs inside the same cell are
so different.

Regarding the first question, it is clear from the literature
on IPT and BIN">'®" that intracellular particles of colloidal
size (100 nm to 1 wm) probe the constraints presented by the
viscoelastic polymer network that embeds them or that binds
to them. Then the erratic motions of the particles can be seen
as the result of a driving force that excites the particle motion,
and a viscoelastic response force that provides damping. In
case the driving forces would be purely thermal collisions, the
MSD would represent local viscoelastic properties. However,
in a living cell, it cannot be ruled out that also molecular
motor—driven processes are responsible for particle motion.
This means that (in the absence of additional information) one
can not in principle say to what extent the larger MSDs for the
malignant cells (found for both probes and both cell types) are
due to a lower viscoelastic resistance or due to stronger driv-
ing forces. As a note, we add here that in a recent study,21 it
was found that for lagtimes <<(.1 s, nonthermal contributions
were negligible. In that light, our MSD measurements at short
lagtimes would suggest that (except for BIPs in pancreatic
tumor cells) for malignant cells, the viscoelastic resistance to
deformation is smaller. This is also what would be expected

November/December 2009 * Vol. 14(6)



Li, Schnekenburger, and Duits: Intracellular particle tracking as a tool for tumor cell characterization

,|BIPs
—~ 034 MCF-7 & |
E |+ MCF-10 st
2 1 ‘§§§§é~'
N1 s A= 3
Z ﬂé!é' /V’AB
r\.'i‘u 1074 e : =
%) /§/§,“ @557;};—'
= Az s
s 5/ ==
10°+ — = L
0.1 1 10
Lag time (s)
(@
10”
EGs
. s+ MCF-7
= —o—MCF-10A
= s
A 34
N 1074 #r
v ﬁ{{fﬁﬁi &?&ﬁ
%) 3 B
= + &@
+ §/<}/§»<}<}<X><}
10° 4 E
0‘1 1' 1|0
Lag time (s)

(©

BIPs
—+—PA-S
—o— PAT

o
<
.
)

MSD <Ar*> (um?)
3

10°4
(b)
gt EGs |
. —n— PA-T -
NE —o— PA-S ;ﬂﬁﬂﬂ
A ait
N,_ ,ii
v 107 e . ot |
? i/ @@»@@@@ﬂ
@ @
= /Q,D.D@@
o7
10° - . ;
0.1 1 10
Lag time (s)

(d)

Fig. 2 Mean square displacement vs lagtime functions of EGs and BIPs in two pairs of tumor cells under physiological conditions. Solid symbols:
malignant tumor cells; open symbols: benign tumor cells. Results are averaged over 10 to 20 measurements in each cell line. Error bars reflect
standard errors. (a) Dashed/solid lines: single-movie measurements of MCF-7/MCF-10A.

from the physiological argument that malignant cells are more
deformable because of their metastatic nature.

Concerning the second question, the answer has to be that
the two probes occur in rather different local microenviron-
ments (i.e., polymer network surroundings). This is not sur-
prising, considering that the surface chemistry (i.e., the groups
that are exposed to the cytoplasm) of EGs and BIPs is expect-
edly also very different: for EGs, this is the least known but
most probably a variety of (surface active) proteins,30 while
for BIPs it is known to be carboxylate groups only. Moreover,
in previous studies,'*'” we also found that while the dynamics
of EGs is closely linked to that of the microtubules, the mo-
tions of BIPs are strongly correlated to the actin network. Due
to these different microenvironments, the driving forces
and/or viscoelastic resistance are very different.

The foregoing analysis raises an additional question; how
measurements of intracellular MSDs could be connected to
the viscoelastic properties of the whole cell. It is generally
believed that the mechanics of the cell is dominated by the
cytoskeleton. Taken together with the notions that BIPs are
embedded in the actin network, and that BIPs are not very
obviously driven by ATP (unlike EGs),"*'® it is then suggested
that the MSDs of the BIPs should give the closest represen-
tation of the cell’s viscoelastic properties. From the shapes of
the MSD curves for BIPs, it seems that the benign cells be-
have like a viscoelastic liquid (similar to a Maxwell fluid, see
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Ref. 31 for examples), whereas the malignant cells appear
more fluid like.

3.2 Atomic Force Microscopy

Considering the expected relative softness for the malignant
cells and the findings with IPT, it is interesting to examine
measurements made on the same cells with AFM in force-
distance mode. Anticipating a viscoelastic response, we mea-
sured the curves as a function of loading rate. A typical series
of force-indentation curves is given in the inset of Fig. 3. All
curves are fairly well described by a parabolic equation, even
though this is expected only for quasistatic indentation of an
elastic material with a pyramidal tip.8 Fitting the modified
Hertz model®” allowed us to obtain an apparent Young’s
modulus E* from each of the force-indentation curves. The
results are summarized in Fig. 3.

First, we note that the difference between the values of E*
for the malignant and benign cells (at the same loading rate) is
large for the breast cancer cells, but insignificant for the pan-
creatic cancer cells. This is all the more remarkable, consid-
ering that the E* values for the malignant breast and pancre-
atic cells are very similar. This circumstance should make the
measurements very comparable, and make it unlikely that dif-
ferences in the AFM experiment (rate and range of indenta-
tion, local strain fields) play a role.
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Fig. 3 Loading rate-dependent apparent elastic Young’s modulus of two pairs of tumor cells under physiological conditions. Left: breast cancer
cells, MCF-10A vs MCF-7. Right: Pancreatic tumor cells, PA-S vs PA-T. The inset shows the indentation force vs indentation depth curve of a single

PA-T cell at different loading rates.

We thus believe that the E* data do capture the presence or
absence of differences in cell stiffness. To what extent the E*
measurements are truly quantitative will be discussed later.
‘We conclude that at least under the conditions that we used,
AFM is able to distinguish the MCF-7 from the MCF-10A
cells, but not the PA-S cells from the PA-T cells.

It is also observed in Fig. 3 that for all cell types, the
apparent elastic modulus shows an increase with loading rate.
Considering that the loading rate varies over almost two de-
cades, the factor 2 increase in E* seems modest. To examine
the possibility that the loading rate dependence is due to hy-
drodynamic forces, we also performed measurements on hard
substrates in water. Even close to the hard surface, no forces
with a magnitude comparable to the experiments with cells
could be found. This suggests that the trends in Fig. 3 are
indeed due to the viscoelastic nature of the cells.

We now compare our results with literature findings. It is
interesting to note that qualitatively similar results were ob-
tained for the MCF-7 and MCF-10A cells by Li et al.” While
their loading rate dependence of E* was very similar, the
magnitudes of E* found by them are a factor 5 lower than
ours. It is not evident where this difference originates from.
Most probably they are due to differences in measurement. Li
et al. used a colloidal tip and limited the indentation range to
500 nm or less. This implies a larger contact surface and
lower strains in their experiments. Also the finite thickness
effect’” could have affected their measurements less than ours.
Each of these differences could cause significant effects on
the values obtained for E*.

Moreover, besides these aspects, which would already ap-
ply for homogeneous viscoelastic bodies, there is also the fact
that mammalian cells are composite bodies, which in the sim-
plest case should consist of a mechanically distinct cortex and
cytoplasm.31 To which extent these two elements are probed
depends on the strain field, which is not easy to assess in a
composite body. Hence, the difference between the two mea-
surements (i.e., Li et al.” versus ours) may also be due to
different relative contributions of the cortex and cytoplasm.

On the basis of these considerations, it cannot be entirely
ruled out that under different conditions, it might still be pos-
sible to distinguish between PA-S and PA-T with AFM. On
the other hand, it can also be concluded that also with AFM, it
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is challenging to obtain a quantitative mechanical character-
ization of the tumor cells.

4 Further Considerations
4.1 Comparison of IPT and AFM

Although both intracellular particle dynamics as measured
with IPT and the apparent Young’s modulus as measured with
AFM are related to mechanical properties of the cell, it has
also become clear that a direct comparison of the IPT and
AFM results at the level of viscoelastic properties is not fea-
sible. This is further illustrated by a comparison of the appar-
ent elastic modulus of the MCF10A cells as obtained from an
(over)simplistic interpretation. Using AFM in the limit of
small loading rates, an E* of =4 kPa is obtained (see Fig. 3).
In contrast, application of the generalized Stokes-Einstein re-
lation (that assumes thermal driving forces)” to the MSD pla-
teau found with BIPs (Fig. 2), yields an apparent E* (=4*G
for incompressible materials) of 40 Pa.

This enormous difference suggests that even if the condi-
tions for the IPT and AFM experiments could be chosen such
that well-defined mechanical properties would be measured,
different viscoelastic behaviors would still be found with the
two techniques. Considering the complex mechanical archi-
tecture of the cell, this is also not surprising. While IPT
probes the dynamics of the intracellular cytoskeleton, AFM
probably probes a combination of the elastic shell and the
viscoelastic interior of the cell. This means that even under
conditions optimized for measuring purely mechanical prop-
erties, different mechanical aspects of the same cell are mea-
sured. In this respect, the two techniques could be seen as
complementary to each other.

Another aspect is the degree of biochemical selectivity that
can be achieved with the two techniques. Most AFM studies
have used an inert pyramidal tip’ or colloidal particle™'” to
probe the cell just like it would probe any other viscoelastic
body. However, also measurements that are more specifically
aimed at the cytoskeleton are possible, e.g., by using a func-
tionalized tip that binds to integrin receptors on the cell
surface.” With IPT, possibilities for studying (processes re-
lated to) cell mechanics with or without molecular sensitivity
seem even larger. This is illustrated by several previous BIN
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studies using (weakly interacting) carboxylate, (strongly bind-

ing) amino'® and (inert) PEG* surface coatings, and by our
earlier studies on EGs and BIPs in Hmec-1 cells, which gave
qualitatively different MSDs that were ascribed to different
components of the cytoskeleton.]4’l7.

On the technical level, AFM is clearly a more demanding
technique than IPT, when applied to living cells. Alignment of
the tip with respect to the cell requires a good optical access
of both tip and cell, and an accurate positional control com-
bined with a large range. Since cells are soft objects, they
require soft cantilevers, and hence the sensitivity to acoustic
noise is high.9 And last, the transmission of the laser beam
(used for measuring cantilever deflection) can also be com-
promised by liquid turbidity caused by either the cell medium
or cell debris. In contrast, IPT requires only that the cells
adhere to a transparent substrate, that the probe particles are
visible with a microscope, and that they show enough motion
to obtain an MSD. In the case of BIPs, an extra bombardment
step is needed, in return for a very well defined particle size
and surface chemistry.

4.2 Implementation Perspectives for IPT

The present study is, as far as we know, the first application of
IPT to characterize benign and malignant cancer cells. We
applied it to cell lines originating from two different tissues,
breast and pancreas, and found clear differences between the
respective MSDs. In the case of isogenic pancreas cells, IPT
was even able to distinguish malignant from benign cell lines,
whereas this was not possible with our AFM measurement.
Whether IPT would be more broadly applicable for cell char-
acterization would require additional experiments with tumor
and healthy cells and tissues from the same donor, but the
perspectives seem good, for different reasons:

1. Malignant cells are mechanically softer and have a dif-
ferent structural organization of their cytoskeleton.” If an in-
tracellular probe particle is sensitive to either one or both
aspects, its MSD will very likely be different as well. Even
with endogenous probes (which have a less well-defined sur-
face chemistry than BIPs), malignant cells could be distin-
guished from benign ones. This is ascribed to their occurrence
near microtubules (MTs)."”

2. The use of more than one intracellular probe may in-
crease the reliability of tumor characterization. For example,
if the probes are sensitive to different intracellular microenvi-
ronments, then their MSDs could provide complementary in-
formation (e.g., about changes in the actin network and MTs
in case of our BIPs and EGs, respectively). The results with
different probes can also corroborate each other in the sense
of a cell characterization.

3. Characterization could be based on a small number of
cells. As already illustrated in Fig. 2(a), in some cases, only a
few cells were sufficient to categorize cells as rather malig-
nant or benign. To explore this further, we compared MSDs of
BIPs measured in three individual MCF-10A cells (in the
same confluent layer). As shown in Fig. 4, the differences
between the MSDs are rather small [compared to the differ-
ences in Fig. 2(a)]. This illustrates that in favorable cases;
even individual cells could be used to characterize a cell
population.
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v single cell 3

-

Fig. 4 Dynamics of BIPs in individual cells. Left: Combination of
phase contrast image of a monoconfluent layer of MCF-10A cells and
confocal fluorescence image of the BIPs inside the cells. Right: Mean
square displacement vs lagtime function in cells (1), (2), and (3).
Scale bar is 10 wm.

4. IPT can be easily combined with drug intervention
studies. Demonstrations hereof have already been given in
fundamental studies'*'*'"** The next step would be the use of
IPT in the development of preclinical in vitro models for the
drug candidate analysis.

5 Summary

The mean squared displacement function measured with in-
tracellular particle tracking cannot be generally linked to a
well-defined mechanical property of the cell, but was found to
be very sensitive to differentiation state of cancer cells, for
two tissue types and for two different kinds of probe particles.
Cell state could be simply identified by comparison with ref-
erence MSD curves for the same probe. This indicates a good
potential for using IPT to diagnose cells whose health state is
reflected in their mechanical properties. As such, IPT appears
to be a valuable nanomechanical tool that is complementary
to AFM.
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