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ABSTRACT Little is known about the complex interplay between the extracellular mechanical environment and the mechanical
properties that characterize the dynamic intracellular environment. To elucidate this relationship in cancer, we probe the intra-
cellular environment using particle-tracking microrheology. In three-dimensional (3D) matrices, intracellular effective creep
compliance of prostate cancer cells is shown to increase with increasing extracellular matrix (ECM) stiffness, whereas modu-
lating ECM stiffness does not significantly affect the intracellular mechanical state when cells are attached to two-dimensional
(2D) matrices. Switching from 2D to 3D matrices induces an order-of-magnitude shift in intracellular effective creep compliance
and apparent elastic modulus. However, for a given matrix stiffness, partial blocking of 31 integrins mitigates the shift in intracel-
lular mechanical state that is invoked by switching from a 2D to 3D matrix architecture. This finding suggests that the increased
cell-matrix engagement inherent to a 3D matrix architecture may contribute to differences observed in viscoelastic properties
between cells attached to 2D matrices and cells embedded within 3D matrices. In total, our observations show that ECM stiffness

and architecture can strongly influence the intracellular mechanical state of cancer cells.

INTRODUCTION

The mechanical and viscoelastic properties of many biolog-
ical materials are essential to their underlying function (1). In
particular, individual cells have become the focus of several
recent investigations aimed at linking their mechanical prop-
erties to various physiological and pathological states (2,3).
The rheological behavior of individual cells is dictated
by the heterogeneous intracellular environment of the cyto-
plasm (4), the forces exerted on them by the surrounding
extracellular matrix (ECM) (5), and the physical attachments
that connect the cell interior to the ECM (6). Although
numerous inroads have been made in revealing biochemical
mechanisms that underlie diseases such as cancer (7),
adequate quantitative characterization of associated cellular
mechanical properties remains largely incomplete. It is
known that cancerous tissue (cancer cells embedded within
the ECM) exhibits elevated stiffness compared to normal
tissue (8) and that the critical process of cancer cell migration
is in part governed by ECM stiffness (9). However, the rela-
tionship between the mechanical properties of the ECM and
the intracellular mechanical properties that influence cell
migration is not well understood.

The construction of the ECM architecture, two-dimen-
sional (2D) versus three-dimensional (3D), imposes an addi-
tional factor that is predicted to affect the biophysics of
cellular processes, as well as the intracellular mechanical
state (9,10). To date, the vast majority of cellular and subcel-
lular mechanical studies have been performed on cells
attached to 2D substrates, whereas less attention has been
given to the more physiological, realistic 3D matrix environ-
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ment. Furthermore, nearly all of these cell rheological studies
have focused on gels with high stiffness values (on the order
of 10°~10° Pa), ignoring softer substrates. Softer substrates
may be a better model for cell-matrix interactions within
matrices that have been partially degraded by invasive,
motile cancer cells. Soft gels have also been employed to
examine 3D migration (11), but a clearer understanding
of cellular mechanics in these systems remains elusive.
Thus, our overall quantitative understanding of intracellular
mechanics and interactions with complex and diverse
matrices in vivo is quite limited. Given the current state of
research, two fundamental questions persist regarding cancer
cell mechanics in soft matrix environments: 1), do slight
changes in ECM stiffness affect intracellular mechanical
properties? and 2), how is this relationship affected by matrix
architecture?

In this study, we answer these questions by employing
particle-tracking microrheology (PTMR) to investigate the
effect of matrix stiffness on the intracellular compliance
and stiffness of individual prostate cancer cells both attached
to flat 2D matrices and embedded in 3D matrices of identical
chemical composition. PTMR is a passive probing method
that circumvents many of the sample volume and sample
accessibility requirements imposed by extant macrorheolog-
ical and biophysical techniques (12). PTMR and its advan-
tages have been utilized in recent years to explore the
mechanical behavior of several biological organisms and
materials (13—15). PTMR has the powerful capability of
yielding the time-dependent viscoelastic behavior of a mate-
rial, as extracted from the thermally driven motions of spher-
ical probes (tracer beads) embedded within passive materials
(12). Although particle-tracking rheological protocols have
been established (16—19), these techniques have yet to be
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applied in direct linking of the cytoplasmic mechanical envi-
ronment of living cancer cells with the mechanics of the
surrounding ECM. Here, we examine PC-3 cells with respect
to matrices formulated from Type I collagen, which is the
major structural protein of the ECM in the human body.
We further explore the role of 2D matrix stiffness by utilizing
2D polyacrylamide (PA) gels of variable stiffness and con-
stant pore size and ligand density. Finally, we examine
ligand-mediated cell-matrix interactions by partially block-
ing @1 integrins, which link the cytoskeletal network to the
extracellular collagen matrix fibers.

MATERIALS AND METHODS
Cell culture

PTMR experiments were performed on the PC-3 cell line (ATCC, Manassas,
VA), which was derived from a metastatic, grade IV tumor originating from
the human prostate. Cells were cultured in complete F-12K media (supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomycin solu-
tion (10,000 IU/mL penicillin; 10,000 ug/mL streptomycin)). Cell cultures
were maintained in a humidified incubator at 37°C, 5% CO,. (All cell culture
components were purchased from ATCC.)

Collagen matrix preparation and characterization

For 2D matrices, 2.9 mg/mL Type I collagen (BD Biosciences, San Jose,
CA) was diluted to three concentrations of 25% (0.73 mg/mL), 37.5%
(1.09 mg/mL), and 50% (1.45 mg/mL) v/v with F-12K media; 20 uL of
each solution was then evenly spread across the glass-bottom surface
(10 mm) of a 35-mm dish (MatTek, Ashland, MA) and exposed to ammonia
vapors to promote rapid gelling of the collagen coating across the dish
surface. For 3D matrices, 2.9 mg/mL Type I collagen was diluted to concen-
trations of 25, 37.5, and 50% v/v with cells suspended in complete F-12K
media. Each solution (100 uL) was then deposited onto the glass-bottom
surface of a 35-mm dish and allowed to gel for 6 h at 37°C, 5% CO,.

We quantify the matrix stiffness in terms of the bulk elastic modulus of the
collagen gel, G.. Measurements of G, were performed on collagen solutions
after they were permitted to gel for 6 h at 37°C, 5% CO,. A total of 0.7 mL of
each gel was measured with a Physica MCR 300 rheometer (Anton Paar,
Ashland, VA) operating in parallel plate mode and stressed at 0.1 uN-m
oscillatory torque over a frequency range of 0.1-1 Hz. G/ was approximately
constant over the entire frequency range and was measured to be 0.16, 4.71,
and 8.73 Pa at a frequency of 1 Hz for gels of concentration 25, 37.5, and
50% v/v, respectively. For all three collagen matrices, the magnitude of G/
dominated the magnitude of the matrix viscous modulus.

Although we modulate matrix stiffness by varying collagen concentra-
tion, we recognize that concentration also influences matrix pore size and
the availability of matrix ligands. To ensure that cells were capable of proper
ligand-mediated attachment to the matrices resulting from the stated con-
centrations, we verified that the average cell diameter in 3D matrices
(~18-20 um) was sufficiently larger than the average matrix pore diameters
(5.4-13.8 um) (see Fig. 4 A, inset). Matrix pore size was measured using
ImagelJ analysis software (http://rsbweb.nih.gov/ij/) and calculated as the
average cross-sectional diameter of pores displayed on scanning electron
micrographs (see Fig. S1 A in the Supporting Material). A total of five micro-
graphs were obtained from different regions of two samples of each matrix,
and a total of 100 pores were measured from each collection of micrographs.
We also analyzed the same collection of micrographs to characterize relative
ligand density (see Fig. 4 B, inset). ImageJ was used to binarize the images
and then measure the total cross-sectional area of all pores covering each
image. The total fiber cross-sectional area was calculated as the reciprocal
of the pore area and then normalized by the maximum value obtained across
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all collagen concentrations. We take this normalized value as a measure of
relative ligand density (Fig. S1 B).

Polyacrylamide gel preparation
and characterization

Two-dimensional PA gels of varying stiffness were prepared as described
previously (20). Briefly, a mixture of acrylamide and bis-acrylamide solu-
tions were polymerized with TEMED (Thermo Scientific Pierce, Milford,
MA) and 10% ammonium persulfate. Acrylamide concentration was held
constant at 3%, with bis-acrylamide concentrations fixed at either 0.04,
0.06, or 0.2%. A total PA solution volume of 20 uL was allowed to poly-
merize across the glass-bottom surface (30 mm) of a 50-mm dish (MatTek,
Ashland, MA). Before depositing the unpolymerized PA solution on the
glass-bottom surface, the surface was sequentially pretreated with 0.1 N
NaOH, 3-APTMS (Sigma, St. Louis, MO), and 0.5% glutaraldehyde (20).
Upon depositing the unpolymerized PA solution on the surface, the solution
was flattened using a 22-mm circular glass coverslip (Fisher Scientific, Pitts-
burgh, PA). Once the polymerization was complete, the coverslip was care-
fully removed and the surface of the 2D PA gel was cros-slinked with 25%
v/v (0.73 mg/mL) Type I collagen. This method yields PA gels of stiffness
50, 200, and 400 Pa (20) (with respect to the bis-acrylamide concentrations
noted above) and constant collagen ligand density across the surface (21).

B1 integrin blocking

Blocking of (1 integrins in a 3D collagen matrix of stiffness 4.71 Pa was
achieved by supplementing the collagen matrix solution (prepared as
described above) with 4b4 antibody (Beckman Coulter, Fullerton, CA) to
a final concentration of 10 ug/mL; ~95% of the available §1 integrin recep-
tors are blocked at this antibody concentration (9).

Particle delivery and particle-tracking

PC-3 cells were cultured to ~90% confluency in a 10-cm dish (BD Biosci-
ences) and then embedded with 1.0-um carboxylated, fluorescent polysty-
rene tracer beads (Molecular Probes, Carlsbad, CA) using a ballistic particle
delivery system (Bio-Rad Laboratories, Hercules, CA) (22). Next, cells were
detached using 0.25% Trypsin/0.53 mM EDTA (ATCC). For experiments
with 2D matrices, 40 ul of suspended cells were added on top of each previ-
ously gelled 2D collagen or PA matrix, as well as on top of an uncoated dish.
Each dish was then supplemented with an additional 1.5 mL of media and
subsequently incubated for 6 h at 37°C, 5% CO,. The 6-h incubation period
permitted sufficient cell attachment to the matrices without allowing signif-
icant cell invasion of the matrices. For experiments with 3D matrices,
suspended cells were mixed with Type I collagen and incubated for 6 h at
37°C, 5% CO, (see Collagen matrices above). Although the cells may exert
physical stresses and send chemical signals (via matrix metalloproteinases,
etc.) that locally remodel the matrix to accommodate cell division and cell
migration, studies show that the onset of these events typically takes longer
to occur than the 6-h incubation period employed here (9), and that these
events occur at timescales much longer than that of PTMR analyses (23).
Dividing cells were excluded from the PTMR analyses.

After incubation, the 2D (xy plane) Brownian motions of individual tracer
beads were tracked by imaging each cell culture at 63 x for a period of 10 s at
a frame rate of 10 Hz using the Leica SP2 AOBS confocal microscope (Leica
Microsystems, Bannockburn, IL). A total of 12—18 tracer beads were imaged
in each culture. The microscope objective was maintained at 37°C with an
objective heater (Bioptechs, Butler, PA). Imaris image analysis software
(Bitplane, St. Paul, MN) was then utilized to create particle trajectories in
the xy plane for each tracer bead. For 2D matrices, the entire experiment
was repeated, yielding an average particle count of N = 33 and an average
cell count of M = 22 per collagen matrix formulation and N = 26 and M =
19 per PA matrix formulation. For 3D matrices without integrin blocking,
the entire experiment was repeated twice, yielding N = 33 and M = 20
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per collagen matrix formulation. The particle-tracking experiment was
further performed on cells in a 3D matrix of stiffness 4.71 Pa, where (1
integrins were partially blocked; the experiment was repeated, yielding N =
26 and M = 22. Tracer beads used in the analyses were located >10 um
away from the nearest adjacent bead to avoid effects due to interparticle forces.

Intracellular rheology

Upon tracking the Brownian motions of individual tracer beads, we
computed their ensemble-averaged, time-dependent mean-squared displace-
ment (MSD):

(8r2(n), ) = (Ix(e + 1) =x(@)) + (le + 1) =30, (1)

where <Ar2(r)xy) is the 2D MSD, ¢ is the elapsed time, and 7 is the time
lag. Since the ensemble-averaged one-dimensional MSD <AX2(T)> was
found to be approximately equal to <Ay2(r)> (data not shown), then the total
(3D) MSD (Ar*(r)) was assumed to be isotropic and (Ar*(r)) =
(A2 (7)) + (AY* (7)) + (Az%(1)) = 3(Ar?(7),,). The total ensemble-aver-
aged MSD (Arz(*r)) was then calculated over N and fit to a two-term power
law of the form (Ar?(7)) = B;7% + 8,7 (0.95 < R* < 0.99) using a built-
in Matlab (The Mathworks, Natick, MA) least-squares algorithm to smooth
out trajectory noise.

Given that cells have been established as complex materials that exhibit both
elastic and viscous behavior (4), the MSD at any time locally follows a power-
law relationship (24), <rA(7) ~ 7, where « is the diffusive exponent. For
a passive material, the diffusive exponent may range from « = 0 for a purely
elastic solid to a = 1 (simple diffusion) for a purely viscous liquid. Between
these two viscoelastic extremes, embedded particle motion is described as sub-
diffusive (0 < a < 1) and reflects the relative contribution of a material’s elastic
and viscous components. However, since living cells are active materials,
« reflects not only thermal energy (kgT), but also potential modes of active
transport, which cannot be decoupled from thermal energy by particle-tracking
measurements (3,16). For such a case, particles may exhibit superdiffusive
motion (« > 1), and furthermore, o < 1 is not a direct, absolute reflection of
intracellular viscoelasticity. It has been shown previously that the time-depen-
dent creep compliance of a passive material can be extracted directly from the
MSD (25). Since here we examine living, active cells, we describe the intracel-
lular mechanical state in terms of an effective creep compliance J, (19) and an
apparent elastic modulus G'p,, defined by the relationships

_ Tma o
Jo(1) = kBT<Ar () 2)
Gy = el ) 3)

where a is the bead radius. Since Gy, is defined at 7 = 1 s and not computed
from a plateau compliance, we utilize it to describe relative intracellular
stiffness as opposed to an absolute measure of intracellular elasticity.

Actin visualization

PC-3 cells were stained with Cellular Lights Actin-GFP (Molecular Probes,
Eugene, OR) and then placed atop 2D matrices or embedded within 3D
matrices (prepared as described above). Cells were then incubated for 6 h
at 37°C, 5% CO, and imaged with the LSM 5 Pascal confocal microscope
(Carl Zeiss, Thornwood, NY).

RESULTS
Effect of two-dimensional matrix stiffness

PTMR analyses showed that modulation of G| with respect
to the 2D matrix environment did not significantly alter the
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Brownian dynamics of embedded tracer beads (Fig. 1 A).
By extension, neither the intracellular compliance (Fig. 1 B)
nor the intracellular stiffness was significantly affected as
a function of matrix stiffness, with respect to the 2D matrix
architecture. Actin micrographs further demonstrate that the
architecture of the actin cytoskeletal network is unchanged as
2D matrix stiffness is varied from 0.16 to 8.73 Pa (see Fig. 2 A).
The effect of 2D matrix stiffness was further explored by
holding matrix pore size and ligand density constant. Here,
cells were attached to 2D PA gels that were fabricated with
varying cross-linker concentrations, which yielded gels of
equivalent pore size but differing matrix stiffness (50—400
Pa) (20). The surfaces of all PA gels were then reacted
with a fixed concentration of Type I collagen, allowing an
equivalent density of cell-matrix ligand binding. Results
were similar to those obtained using 2D collagen matrices,
and no clear relationship emerges between 2D matrix stiff-
ness and intracellular rheology (Fig. 1 C, insef). This result
suggests that the intracellular mechanical environment of
PC-3 cells attached to a 2D matrix may be dominated by
biochemical signals, which were not investigated in this
experiment. In fact, previous studies have also shown that
cell adhesion strength may be insensitive to 2D matrix
stiffness for particular cell types (8).

Other studies have reported a positive correlation between
2D matrix stiffness and cell stiffness (26), as well as between
2D matrix stiffness and cell traction forces (8). However,
these studies were performed on nontransformed cells, which
have been shown to exhibit different substrate-dependent
growth (27), cell motility patterns (28), and mechanical
features (5,29) compared to transformed cells; furthermore,
overall cell stiffness was probed using atomic force micros-
copy, which measures the combined responses of both
internal and cell membrane effects (3), whereas we employed
PTMR to measure relative intracellular elasticity. Finally,
though cell traction force and internal cell stiffness are related,
the former is not a direct predictor of the latter, owing to stress
dissipation from the point of cell-matrix attachment through the
cell membrane and along the cytoskeletal network (30,31).
Thus, our studies provide an additional perspective on cell-
matrix interactions, particularly with respect to cancer cells.

When compared to an uncoated glass-bottom surface, the
collagen coat induced a significant reduction in the magni-
tude of the Brownian motion of tracer beads. This result
shows that the presence of collagen serves to reduce the
effective creep compliance (Fig. 1 B), at the same time in-
versely increasing the apparent elastic modulus of the intra-
cellular environment (not shown). This observation may
seem contradictory to previously published studies that re-
ported an increase in cellular stiffness when cells were
attached to glass versus a collagen substrate (26). However,
not only are the probe, cell type, and substrate chemical iden-
tity different in the study reported here, but the stiffness of
the underlying substrates used here are orders of magnitude
lower than those reported previously. The notable difference
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FIGURE 1 Two-dimensional matrix stiffness has little effect on intracel-
lular rheology. (A) MSD of 1-um tracer beads embedded within PC-3 cells
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in the intracellular mechanical state invoked by glass (which
is considered to be infinitely stiff relative to biological gels)
(32) highlights the importance of examining cellular
responses with respect to physiological substrates as opposed
to cells cultured on glass or tissue culture plastic, which may
induce mechanical properties that are significantly different
from those exhibited in physiological regimes.

Effect of three-dimensional matrix stiffness

In contrast to the 2D system, where small changes in matrix
stiffness did not lead to notable changes in intracellular stiff-
ness, modulation of G. with respect to the 3D matrix envi-
ronment had a marked effect on the intracellular mechanical
state. First, the magnitude of the ensemble-averaged MSD
increased ~5-fold as G, increased by nearly a full order of
magnitude (from 0.16 to 8.73 Pa) (see Fig. 3 A).

Given that matrix stiffness is not independent of matrix
pore size and ligand availability, average matrix pore diam-
eters were measured and found to decrease with increasing
matrix stiffness (and, by extension, with increasing matrix
concentration) (Fig. 4 A, inset). Relative ligand density
was also quantified and found to increase with increasing
matrix stiffness (Fig. 4 B, inset). Since previous studies
have also shown that matrix pore size is strongly correlated
with matrix concentration and that modulating concentration
has a much greater affect on matrix mechanics than it does on
ligand-mediated cell-matrix attachment (9,20,33), here we
focus our attention on the effect of matrix stiffness (34).
The change in effective intracellular creep compliance as a
function of G, is shown in Fig. 4 A at a shear rate of 1 Hz.
(/. is also shown as a function of both G/ and matrix pore
size in Fig. S2 A.) Directly proportional to the MSD, J.
increases as the stiffness of the collagen matrix increases.
Inversely, the apparent intracellular elastic modulus
decreases along with increasing G/, (Fig. 4 B and Fig. S2 B).
Furthermore, actin micrographs (see Fig. 2 B) show that cell
morphology was unchanged as 3D matrix stiffness was
increased. Taken together, these results suggest that for 3D
environments in the range of elasticity examined here, a
stiffer, denser ECM may aid in maintaining cell morphology

that are attached to 2D collagen matrices and cell culture glass (open-circle
line). Adjusting the matrix stiffness (0.16 (dashed line), 4.71 (solid line), or
8.73 (dotted line) Pa) had little effect on the Brownian dynamics of tracer
beads, whereas an uncoated glass-bottom dish induced a higher MSD over
most times (7 < 7 s). Error bars are omitted for clarity. (B) Two-dimensional
matrix stiffness has little effect on intracellular effective creep compliance
J.. However, the presence of a collagen matrix induces a less compliant
intracellular environment relative to that induced by uncoated glass (dashed
line). All values of J, are reported at a time of 7 = 1 s. Error bars represent
mean *+ SE. (C) MSD of 1-um tracer beads embedded within PC-3 cells that
are attached to 2D PA gels. No clear relationship emerges between 2D
substrate stiffness (50 (dashed line), 200 (solid line), or 400 (dotted line)
Pa) and intracellular rheology. The MSD of cells attached to 2D collagen
matrices of stiffness 0.16-8.73 Pa shown for reference (cyan lines). (Inset)
J. versus 2D substrate stiffness, G’, for collagen matrices (solid circles)
and PA gels (open circles). Error bars are omitted for clarity.
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A

in a manner that alleviates the cellular requirement of internal
stiffness, thereby yielding a more compliant cytoskeletal fila-
ment network. Several previous studies (20,23,33,35,36)
suggest that cell morphology depends more on matrix stiff-
ness, matrix dimensionality, and cell type than it does on
ligand density or matrix pore size. Spherical, amoeboid-like
cell morphology has been associated with a range of soft
matrix environments (20,23,33) and with relatively few and

A

cytoskeletal

fiber

1017

FIGURE 2 Confocal actin micrographs of cells attached
to 2D matrices and cells embedded within 3D matrices. (A)
The actin cytoskeletal architecture of PC-3 cells does not
change as the 2D matrix stiffness increases from 0.16 to
8.73 Pa. (B) Actin architecture of PC-3 cells embedded
within 3D matrices is fundamentally different from that
of PC-3 cells attached to 2D matrices; actin fibers are
less elongated and defined in 3D matrices. Results suggest
that the extent of F-actin polymerization or cross-linking
may be affected by changes in 3D matrix stiffness.

less defined actin stress fibers (see Fig. 2 B) (11) compared
to cells associated with matrices of much higher stiffness.

Three-dimensional versus two-dimensional matrix
architecture

In addition to the effect of G. on intracellular compliance
and stiffness, the 3D matrix architecture invoked an

FIGURE 3 MSD of 1-um tracer beads embedded within
PC-3 cells that are attached to a 2D collagen matrix of stiff-
ness 0.16 Pa and embedded within 3D collagen matrices.
(A) Increasing the 3D matrix stiffness (0.16 (dashed line),

2D matrix

=== 3D, 0.16 Pa
3D, 4.71 Pa
® 3D,8.73Pa

10° 10

z(s)

<AP(7)> (um?)

3D matrix

cell-matrix attachment

4.71 (solid line), or 8.73 (dotted line) Pa) yielded a clear
increase in the magnitude of tracer-bead Brownian
dynamics. Compare with MSD for the 2D collagen matrix
(line with open circles). Switching from a 2D matrix to a
3D matrix architecture induced an order-of-magnitude
reduction in the MSD of embedded tracer beads. Error
bars are omitted for clarity. (B) Schematic of a cell attached
to a 2D matrix. (C) Schematic of a cell embedded within a
3D matrix. The 2D matrix architecture permits an unen-
gaged free surface over the top (unattached) side of the
cell, whereas the 3D matrix architecture engages the cyto-
skeletal network across the entire cell surface area.
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FIGURE 4 Three-dimensional matrix stiffness influences intracellular
rheology. (A) Intracellular effective creep compliance, J., increases as matrix
stiffness increases and also as pore size decreases (inset). All values of J,, are
reported at a time of 7 = 1 s. Error bars represent mean * SE. (B) Accord-
ingly, relative intracellular stiffness, G;), decreases as matrix stiffness
increases and also as ligand density increases (insef). Error bars represent
mean *+ SE.

order-of-magnitude decrease in the MSD of embedded tracer
beads relative to the MSD observed with respect to the 2D
environment (Fig. 3 A). Thus, effective creep compliance
observed in 3D (Fig. 4 A) is also an order of magnitude lower
than that observed in 2D (Fig. 1 B), whereas the apparent
elastic modulus observed in 3D (Fig. 4 B) is an order of magni-
tude higher than that seen in 2D (not shown). Furthermore, for
cells residing within a 3D matrix, partial blocking of 51 integ-
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rins (denoted by 3D'™) yielded an MSD profile of increased
magnitude relative to that observed when cells were placed
in a 3D matrix of the same stiffness (and pore size) without
any integrin blocking (Fig. 5 A). Accordingly, the effective
creep compliance was increased (Fig. 5 B), whereas the
apparent elastic modulus was reduced (Fig. 5 C), when (1
integrins were blocked. Thus, blocking #1 integrins on cells
within a 3D matrix has effectively shifted the intracellular
mechanical state toward that of cells attached to a 2D matrix.

DISCUSSION

By utilizing PTMR, we probe how changes in matrix stiff-
ness and matrix architecture of soft gels affect intracellular
mechanical properties. Our results suggest that increasing
the collagen concentration of a 2D substrate has little influ-
ence on intracellular rheology, whereas employing identical
compositions in a 3D environment yields a clear relationship
between matrix stiffness and intracellular rheology: in-
creasing matrix stiffness was shown to reduce the intracel-
lular apparent elastic modulus and increase the intracellular
effective creep compliance. This result may seem contrary
to those of previous studies that report increases in cellular
stiffness (26), traction forces, and extent of malignant trans-
formation (8) with increased matrix rigidity; however, some
important distinctions exist between previous studies and the
ones reported here. First, regarding experiments specific to
the 3D matrix architecture, previous studies examine integrin
clustering and morphology of nonmalignant cell colonies in
matrices of varying stiffness (8). However, our studies
examine the effect of matrix stiffness on malignant cells in
isolation (those attached only to matrix and not to other cells)
and do not examine integrin expression as a function of
matrix stiffness. Rigidity of normal versus malignant tissues
has also been measured using indentation rheometry (8),
which yields stiffness of bulk tissue specimens. This is
outside the intent of our studies, which do not compare
normal cells to cancer cells or measure bulk tissue properties.
Rather, our studies employ PTMR to distinguish internal
mechanical properties of cancer cells from those of their
surrounding matrix; bulk elasticity measurements of tissues
do not discriminate contributions from the two components.

Studies performed on 2D substrates have found that integ-
rin clustering and traction forces produced by nonmalignant
cells increase with matrix stiffness and that transformed cells
exert significantly different magnitudes of traction force
compared to their nonmalignant counterpart cells on the same
substrates (8,28,29). Other studies have utilized atomic force
microscopy and found that 2D substrate stiffness induces cell
stiffening (26). However, these experiments do not compare
directly to ours. Our results reported here, and several
previous studies, have established that cells on 2D matrices
can exhibit behaviors drastically different from those of cells
within 3D matrices (9,35,37), and this is what we sought to
investigate further. In addition, our examination of malignant
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cells, which are known to exhibit perturbed mechanical
homeostasis (5), offers a different insight into the effect of
matrix rigidity on cellular stiffness compared to experiments
performed on nonmalignant cells. A decrease in intracellular
compliance is indicative of reduced cytoskeletal filament
cross-linking (1,34), and/or reduced cytoskeletal filament
polymerization (19), yielding shorter filaments or fewer total
filaments. This result may have important implications in
cancer, where cells migrate through the ECM via a cycle
of attachment and forward protrusion after degradation of
the ECM (38,39) or, alternatively, via an amoeboid motion
whereby cells migrate by flexibly squeezing through pores
of the surrounding ECM (40,41). An intracellular softening
in response to increased 3D matrix stiffness (and reduced
matrix pore size) may confer a motility advantage to cancer
cells exhibiting amoeboid migration, which requires cellular
deformability and has been associated with diffuse F-actin
and diffuse (1 integrin clustering (11). These results may
also explain, in part, the differences observed in migration
between cells attached to 2D matrices and those embedded
within 3D matrices (9), shedding light on the intricate adhe-
sion and signaling mechanisms that affect cell motility
(28,29,42). Therefore, our results do not explicitly oppose
the findings of previous cellular mechanics studies; in fact,
they offer what we believe are new insights into the relation-
ship between extracellular mechanical properties and the
intracellular mechanical state in cancer.

In addition to the effect induced within 3D matrices, the
3D matrix environment invokes an order-of-magnitude
increase in intracellular stiffness relative to that observed
when cells are attached to 2D substrates. We propose that
this statistically significant increase in intracellular stiffness
results from the increased number of attachments between
the cell interior and the extracellular matrix. Increased
engagement is inherently invoked by a 3D surrounding,
where a cell is connected to the matrix across its entire
membrane surface in all directions (Fig. 3 C). However, a
cell attached to a 2D substrate is only connected across its
bottom membrane surface, producing a cell body that is
partially engaged, but free across the remainder of its surface
(Fig. 3 B). In other words, for a given cellular state (e.g.,
concentration of cell-matrix attachments), a 3D matrix phys-
ically presents a higher total number of possible cell-matrix
attachments relative to that presented by a 2D substrate, since

PC-3 cells that are attached to a 2D collagen matrix (dashed line) and
embedded within 3D collagen matrices with §1 integrin blocking (3D™)
(dotted line) and without integrin blocking (solid line). Matrix stiffness is
fixed at 4.71 Pa. Addition of 4b4 81 integrin antibody (10 ug/mL) induces
an increase in the magnitude of the MSD relative to cells within a 3D matrix
without integrin blocking. Error bars are omitted for clarity. (B) For cells
embedded within a 3D matrix, effective creep compliance, J., increases
when (1 integrins are partially blocked. Error bars represent mean = SE.
(C) Accordingly, for cells embedded within a 3D matrix, apparent stiffness,
G;, decreases when 1 integrins are partially blocked. Error bars represent
mean *+ SE.
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the entire cell surface is in contact with a 3D matrix, whereas
only part of the cell surface is in contact with a 2D substrate.
The free surface imposed by the 2D environment thus
permits the cytoskeletal filament network to have a larger
degree of freedom, whereas the filament network is more
constrained (rigid) when cells reside within a 3D matrix.

It follows that reducing the quantity of cell-matrix attach-
ments should yield a relatively less constrained (more
compliant) cytoskeletal filament network for a given matrix
architecture. Results shown in Fig. 5, A—C, offer convincing
evidence of this argument. For cells that reside within a 3D
matrix, partial blocking of (1 integrins invokes an intracel-
lular mechanical state that is significantly softer (Fig. 5 B)
than that measured when all integrins remain intact for
a matrix of the same stiffness (and pore size). In other words,
switching from a 2D to 3D matrix architecture invokes an
order-of-magnitude increase in intracellular stiffness;
however, when the ligand-mediated interactions that are in
part responsible for this increase are partially blocked, the
effect of switching to a 3D matrix architecture is mitigated,
and cells exhibit a significantly smaller increase in intracel-
lular stiffness relative to that of cells attached to 2D matrices
of the same stiffness (Fig. 5 C).

Results obtained from integrin blocking have another
important implication; for a matrix of given stiffness and
pore size, this experiment showed that intracellular compli-
ance increased with decreasing ligand binding (Fig. 5 B;
compare 3D with 3DIB). However, the results obtained
without integrin blocking showed that intracellular compli-
ance increased with increasing matrix stiffness (Fig. 4 A),
and by extension, with increasing ligand availability. Thus,
although changing the collagen concentration does affect
matrix mechanics and ligand density simultaneously, matrix
mechanics appear to exert the dominant influence on the
intracellular mechanical environment and override the effect
that would otherwise result from varying the ligand avail-
ability alone. The reduction in intracellular stiffness
measured upon integrin blocking (Fig. 5 C; compare 3D
with 3D™) is also consistent with previous studies that
associate increased integrin expression with increased cell
traction forces (8) and with a malignant phenotype (43).

To summarize, our investigations reveal what we believe
are novel insights into the effect of ECM stiffness and archi-
tecture on the intracellular mechanical state of individual
cancer cells. To our knowledge, this study is a first-of-its-
kind attempt to probe cellular stiffness in gels that are often
used for 3D cell culture and cell migration studies. Cell-
matrix interactions observed in these soft gels are distinctly
different from those observed in gels with much higher stiff-
ness. Our study provides evidence for two biophysical
phenomena that have not been previously described in the
context of cell-matrix interactions and cellular rheology.
First, we observe that the switch from a 2D to a 3D matrix
environment induces an order-of-magnitude shift in the
effective intracellular compliance and stiffness, and second,
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our study demonstrates and quantifies how ECM stiffness
regulates effective intracellular compliance and stiffness of
cancer cells within a 3D matrix environment. The effect of
matrix architecture has important implications for the future
of cellular mechanics experiments. It suggests that some
cellular systems, such as endothelial cells subjected to a shear
flow (44), may be examined in the context of a 2D matrix,
whereas others, such as solid tumor cells (5) or endothelial
cells within an angiogenic environment (45), may be more
appropriately studied within a 3D matrix. Together, these
two results improve our fundamental understanding of
biophysical phenomena that have important implications in
both basic and applied cellular mechanics research.

SUPPORTING MATERIAL

Two figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(09)01115-1.
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