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ABSTRACT: Quantitatively measuring the mechanical properties of soft matter over a wide range of length
and time scales, especially if a sample is as complex as typical biological materials, remains challenging. Living
cells present a further complication because forces are generated within these nonequilibrium materials that can
change material properties. We have here developed high-bandwidth techniques for active one- and two-particle
microrheology to tackle these issues. By combining active micromanipulation of probe particles with an optical
trap with high-resolution tracking of thermal motions of the very same particles by laser interferometry, we can
both measure the mechanical properties of and, at the same time, identify nonequilibrium forces in soft materials.
In both simple liquids and equilibrium cytoskeletal actin networks, active microrheology (AMR) proves to be
less noise sensitive than and offers extended bandwidth (0.1—100 kHz) compared to passive microrheology (PMR),
which merely tracks thermal motions. We confirm high-frequency power-law dynamics in equilibrium actin
networks with two-particle AMR and also discuss low-frequency local mechanical response near probe particles
which shows up in one-particle AMR. The combination of AMR and PMR allowed us to quantify nonthermal
force fluctuations in actin networks driven by myosin motor proteins. Our approach offers a new direct way to

investigate the nonequilibrium dynamics of living materials.

Introduction

The material properties of soft condensed matter vary
enormously across spatial and temporal scales, reflecting
complex and hierarchical structures on micro- to mesoscopic
scales. In the category “soft matter” fall synthetic colloids,
polymer melts, and solutions which have wide industrial
applications,' but also biological cells and tissues composed of
mainly soft materials, such as biopolymers, gels, and lipid
membranes. Biological materials typically present an even
higher complexity in structure and dynamics than synthetic
materials.>> The fact that living systems are out of thermody-
namic equilibrium can furthermore have profound effects on
their mechanical properties. Understanding the mechanics on
mesoscopic scales is a necessary step toward the systematic
control of properties in both synthetic and biological soft matter.

Microrheology (MR) is a term for a number of techniques
designed to probe small samples and to measure local viscous
and elastic properties of materials by observing the motion of
micrometer-sized probe particles.*® Important advantages over
conventional (macro)rheometry are that (i) viscoelasticity can
be measured over a very wide frequency range since inertial
effects are weak;>'° (ii) sample amounts can be as small as a
femtoliter, i.e. one can measure in cells and tissues; and (iii)
one can investigate how the material response is influenced by
the probe particle size and surface properties.'''* For com-
parison, one can measure the correlated motions of two separated
probe particles (two-particle MR), which is insensitive to
modifications of the material in the immediate vicinity of the
probe particles.*'>~!7 High bandwidth is necessary to capture
complex dynamics in composite materials that often involve
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processes that occur on widely separated time scales. This has
been achieved most successfully to date with passive microrhe-
ology (PMR),* ® which consists of merely monitoring thermal
fluctuations of the probes. Passive methods, however, have still
remained limited, particularly at high frequencies and for stiff
materials. We employ here an active microrheology method
(AMR) that directly measures the response of micron-sized
particles to an oscillating optical trapping force.'® The method
provides a fully useable bandwidth of 0.1 Hz—100 kHz,
considerably more than what has been achieved before by using
external force application in other ways.'>~>* We demonstrate
the capabilities of the method by quantitatively analyzing
fundamental inertial effects in fluid flow using pure water as a
model as well as high-frequency scaling laws in the elastic shear
moduli G' and G" of entangled filamentous actin solutions as
model cytoskeletal systems.

A further fundamental challenge has to be overcome when
studying nonequilibrium systems: One can, in principle, learn
about internally generated nonequilibrium forces, e.g., in cells
and tissues, by observing fluctuations as in PMR. To calculate
forces and stresses from displacements, however, one needs to
know the mechanical response characteristics of the material,
which can be highly inhomogeneous and anisotropic. The
response can be strongly affected by the forces themselves, such
that it is not possible to use a control experiment on, e.g., a
dead cell. The fluctuation measurement (PMR) can, in this case,
not be used to calculate mechanical properties via the
fluctuation—dissipation theorem (FDT) because fluctuations are
no longer purely thermal. We introduce here an approach that
solves this problem. It consists of combining in one experiment
our new high-bandwidth AMR method with passive microrhe-
ology. We thereby practically simultaneously probe response
and record fluctuations with exactly the same particle in exactly
the same location of the sample. We demonstrate the method
on “active gels”, i.e., nonequilibrium actin networks driven by
myosin motor proteins,'® and show that it is possible to
simultaneously determine shear elastic moduli and to analyze
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Figure 1. Schematic of the setup for both passive and active
microrheology.

the low-frequency nonthermal fluctuations in the tensed net-
works.

Theoretical Foundations of Microrheology. One-Particle
Active Microrheology. In AMR, the mechanical properties of
the sample are determined from the response of imbedded,
micron-sized probe particles to imposed forces. The probe
particles are manipulated with a sinusoidally oscillated optical
trap (drive laser), and their displacements are detected by laser
interferometry with a second laser (probe laser), as shown in
Figure 1 (details in Materials and Methods). The frequency-
dependent displacement response u(r) = u(w)e~ ! of the probe
particle is obtained as a complex quantity. Ignoring the influence
of inertia, the (Langevin) equation of motion of a bead driven
by an oscillatory force with frequency f = w/2m is

kyu(t) + f_[w y( — Hu(t')dt = kl(Lef"w’ —u(®) + &@)
ey

where k; and k; refer to the trap stiffness of drive and probe
laser, respectively, & is the random thermal force, L is the
oscillation amplitude of the drive laser position, and y(¢) is a
friction function that reflects memory effects in the viscoelastic
material. The Fourier transform of the ensemble or time average
of eq 1 yields the frequency-dependent response of the probe
particle, which we write as

uw) = A(w) F(w) (@)

Here, we introduced the Fourier transform F(w) = 2wk L (w
— wy) of an apparent driving force F(f) = kiLe 0. [The actual
force applied to the probe particle is ki(Le™™! — u(t)). Since
u(t) depends on the material viscoelasticity which is not known
during experiments, we define k;Le ™™ot as an apparent driving
force.] An apparent complex response function A(w) calculated
as

A(w) = Ulk; + k, — iwy(w)] 3)

includes the effects of both optical traps. The true response
function a(w) = l/[—iwy(w)] that reflects only the rheology
of the surrounding medium can be obtained as>*

A(w)
= kA@)

a(w) =

“

where k; = k; + k». For a spherical probe in an incompressible,
homogeneous viscoelastic medium with complex shear modulus
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G(w) = G'(w) + iG"(w), this response function is given by
the generalized Stokes relation*

1

a(@) = 6aG(w)

(&)

where a is the radius of the probe particle.

One-Particle Passive Microrheology. For PMR, the oscilla-
tion of the drive laser is turned off in order to measure the
unperturbed thermal and (if present) nonthermal fluctuations of
a probe particle in the stationary optical trap. This can be done
alternatingly with AMR in the same sample with the same beads.
The time series data for bead positions are Fourier transformed
to calculate the power spectral density (PSD) Clw) =
J_S(n)u(0)e™’ for both x and y directions. This quantity is,
in equilibrium, related to the imaginary part A" (w) of the
complex response function A(w) = A'(w) + iA"(w) via the
fluctuation—dissipation theorem (FDT):**

2k T

Clw) = A" () Q)

()]

Provided that A" (w) is known over a large enough range of
frequency, the real part of the response function A'(w) can be
obtained from a Kramers—Kronig integral:®%>2°

Alw) = 7—2[P [ —?i(iz dé %)

where P denotes a principal-value integral. From the apparent
response A(w), which is influenced by the optical trap, we can
then, with eq 4, obtain a(w) which describes the pure material
response.

Two-Particle Active Microrheology. In two-particle AMR, the
mechanical properties of the sample are determined from the
response of one particle at position (1{",u{") to an oscillating force
applied to a second particle at position (u?,u{?)). The superscripts
refer to the two different particles. The presence of probe particles
breaks the symmetry of the system, which would otherwise exist
in an isotropic material. The coordinate system is chosen such that
x is parallel (Il) and y is perpendicular ([J) to the line connecting
the particle centers. For an isotropic, homogeneous medium, two
independent parameters oy(w) and op(w) (corresponding to the
response to forces in x and y directions) determine the full linear
response. In Fourier space, it is written as'>'’

u(@) = oy(@)FP(w)

1, (@) = o (@)F (@) ©
and similarly for exchanged indices 1 and 2.
When the particles are confined by the optical traps, which
is necessary in viscous media, the potential wells created by
the trapping and detection lasers also affect the response,
generating the directly measured (apparent) response functions
A, which differ from the intrinsic rheological response functions
a of the material. For a pair of particles, their displacements
u can be expressed in terms of the single-particle response
functions a”, the mutual or two-particle response functions oy,
the trapping forces —k®Wu®, and the applied forces F\”, leading
{01924
WD = aO[FD — k00 + o [FO — k22

X

uf) = 0.(2)[Fi2) _ k(2)ui2)] + U.”[Fil) _ k(l)uil)] (€
and similarly exchanging x — y and/or Il — [J. When a force
FO is applied to particle 1 in addition to the trapping force
—kDu®), the response of particle 2 defines the apparent response
functions A{>D and AGD by uP(w) = AfPV(w)F(w) and uP(w)
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= ABVFD(w). In the case of two-particle AMR, a sinusoidal
displacement uo(f) = Le™* of the position of trap 1 results in
a net force of kV[ug — uV] on particle 1, which amounts to an
apparent applied force F\D = Fy5p, = kWug(r). From the resulting
displacement u{, we determine the response function AfZD,
which can be expressed as®*

&y
@ —
A= (1 + KoM + kPa?) — kDKo, (10)

Again, there is a similar expression for exchanging Il — [I. From

this response function which can be measured directly, the

rheological response function of the medium can be calculated
24

as

AP
oy = (1 — KVADY(1 — k2A?) — k(”k(z)AHZ (11)

provided that the trap strengths k) and the apparent one-particle
response functions A® are also measured.

Two-Particle Passive Microrheology. For the passive mea-
surements, the oscillation of the drive laser is turned off in order
to measure the unperturbed thermal fluctuations of both probe
particles in the two stationary optical traps. We calculate the
cross-correlation functions'®

C(w) = f_ " @0y (12a)
and
Cow) = [ ouP 0" (12b)

The FDT relates these to the response functions Ajp(w),
provided that the system is in equilibrium:

2T
G olw) = TAHH,D(CU) (13)

Here, we have suppressed the superscripts denoting particles 1
and 2, since A@D = AU for both parallel and perpendicular
motion. This is justified by the symmetry in eq 10 as well as
from eqs 12a and 13, since the correlation functions
@O u®(0)Omust be symmetric under time translation and
reversal. From the imaginary parts of the response functions
Ajp(w), the real parts are obtained using a Kramers—Kronig
relation as above. Then the rheological response functions
oy o(w) are obtained using eq 11. For an incompressible
continuum with shear modulus G(w), the two-particle response

functions are given by the generalized Oseen tensor:'>!”
o = S — and oy = L (14)
' 4aG(w)r 17 8aG(w)r

where r is the distance between the two particles.

Results

One-Particle Microrheology in Water. First and as a
control, both active and passive one-particle MR were carried
out in water using exactly the same probe particle. Figure 2a
shows A" and A" as a function of frequency with fits by eq 3.
In this equilibrium situation, where fluctuations are purely
thermal, active and passive MR agree within an experimental
error of ~10%. When a probe particle is optically trapped,
thermal fluctuations below the corner frequency w. = k/y (y
= 6mna, particle radius a, fluid viscosity 7, total trap stiffness
ki=k; + k; = 1.06 x 107* N/m) are suppressed. Noise from
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Figure 2. One-particle response functions in water. (a) Real (circles)
and imaginary part (squares) of the complex response function (probe
particle radius a = 1.05 um) measured with AMR (filled symbols)
and PMR (open symbols). Solid lines are the theoretical curves obtained
without using free parameters. Low-frequency noise causes 10—20%
ambiguity in PMR. (b) Same spectra shown as the mobility M = —iwA.
At high frequencies, a significant difference between AMR and PMR
was observed because of the finite frequency cutoff in the Kramers—Kronig
integral in PMR. Broken lines are the data without inertia taken into
account. Model curves taking into account inertia (solid lines) agree
well with the AMR data.

mechanical vibrations, laser pointing fluctuations, or fluctuations
in the AOD deflection angle then adds to the PSD of the actual
displacement fluctuations in a biased way, such that the response
functions obtained with PMR are overestimated, especially
below the corner frequency (Figure 2a).

Plotting the apparent mobility M(w) = M' + iM" = —iwA(w)
(M" is negative in this notation) emphasizes the behavior at
high frequencies (Figure 2b). The discrepancy between active
and passive MR at frequencies higher than 10 kHz is caused
by the finite frequency cutoff in the Kramers—Kronig integral
in eq 7. The AMR data are not affected by this effect, but also
do not agree well with the theoretical curves (dashed lines in
Figure 2b) given by

. —iw
M= —iod = (15)

The reason for the discrepancy is that eq 15 is valid for slow
motions of a probe particle when inertia can be neglected, but
it is not valid at high frequencies. Inertia of the probe particle
and the surrounding fluid which moves with it must be taken
into account to obtain the mobility at high frequencies. The
friction between rigid particle and fluid also starts to depend
on the particle’s past motion for short times (~107¢ s). Taking
thgs]% two effects into account, the mobility ¢ can be calculated
as’™

u = —iwa =
—iw
k — 6mna(l + ald)io — 0’ Bapya’d + 2mpga’l3 + 4mpa’l3)
(16)

where po and p are the densities of solvent and probe particle
and 0 = (57/p7f)"? is the viscous penetration depth describing
the exponential decrease of the fluid’s velocity field away from
the oscillating sphere. As shown in Figure 2b, eq 16 describes
the AMR data well using only one free fit parameter &, which
indicates the importance of these effects.

Two-Particle Microrheology in Water. Two-particle PMR
and AMR in water agreed to within experimental error below
40 kHz, as shown in Figure 3 for two probe particle pairs
separated by » = 11.3 um and by r = 10.5 um. A plot of two-
particle mobilities M) o = —iwA, o again provides a better view
on differences at high frequencies (Figure 3b,d). The dashed
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Figure 3. Two-particle response functions in water. (a) Real (circles)
and imaginary part (squares) of the complex parallel response function
Aj(w) (probe particle radius a = 1.05 um, separation r = 11.3 um)
measured with AMR (filled symbols) and PMR (open symbols). Broken
lines are the theoretical curves from eq 10. Solid lines are theory curves
including inertial effects as given in eqs 17 and 18a. Since trap
stiffnesses (parallel: k; = 4 x 107 N/m, k» = 7.7 x 107° N/m;
perpendicular: k; = 3.7 x 107*N/m, k, = 7.9 x 107° N/m) are obtained
from independent one-particle MR measurement, there are no adjustable
parameters. (b) Same for the perpendicular response function Axr(w)
for a second bead pair (separation r = 10.5 um) measured in water.
(c, d) The frequency dependence characteristic of the inertial response
can be seen in the mobility spectra (c for parallel and d for
perpendicular) defined as M = —iwA; active MR agrees well with
theory (eq 21) in the whole frequency range observed.

lines in Figure 3a represent the expected response functions (eq
10) without the contribution of inertia. Inertia has a stronger
effect on two-particle MR than on one-particle MR because
stress needs to propagate over the distance between the two
particles while in one-particle MR the relevant length scale is
the radius of the probe bead. Inertial propagation of stress in a
viscous medium is diffusive, i.e., the time required for stress
propagation grows with the square of the distance. Taking inertia
into account results in consistency with both theory and prior
results obtained by PMR.?”?®

The response function for a general viscoelastic medium

within the Oseen approximation (+ > a) was obtained as>° '
= VR, = R
% = 2rGla)y VR, 00 = gk (A7)

where r is the separation distance between the two particles
and k = pw*G(w) is a complex quantity, the magnitude of
which is the inverse square of the viscoelastic penetration depth,
and the correction factors are

1) = %((1 — ix)e” — 1) (18a)
X

A = %(1 + (@ = 1+ ix)e™) (18b)
X

The solid lines in Figure 3 are the theoretical curves calculated
by combining eq 17 with eq 10. Agreement with the active MR
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Figure 4. One-particle MR (probe radius ¢ = 1.28 um) in an entangled
actin solution (1 mg/mL concentration). (a) Real part (circles) and
imaginary part (squares) of the complex shear modulus obtained by
AMR (filled symbols) and PMR (open symbols). Active and passive
MR deviates at frequencies higher than several kHz because of the
Kramers—Kronig integral in passive MR. (b) Complex shear modulus
measured with AMR after correcting for inertia and the contribution
of the viscosity of solvent —iwns. Approximate power law behavior is
observed. Solid lines are the fit with eq 19.

data is good without adjustable parameters. The trap stiffness-
eski, k, and the other necessary parameters were independently
determined as described in the Methods section.

One-Particle Microrheology in Actin. After having tested
PMR and AMR in a viscous liquid, we further applied the
method to entangled F-actin solutions. Shear moduli G' and G"
measured with one-particle active and passive MR are shown
in Figure 4a. Here we again observed that AMR performs better
at high frequencies. PMR suffers from the finite frequency cutoff
in the Kramers—Kronig integral at frequencies higher than ~10
kHz when fluctuations are recorded with 100 kHz bandwidth.
Since there is no such artifact in the AMR data, fluid inertial
effects were quantitatively detected in G' and G". Therefore, it
is possible to obtain the shear moduli up to higher frequencies.
The expression for the mobility of a probe particle embedded
in a viscoelastic material can be obtained by substituting the
frequency-dependent complex viscosity n(w) = —(G" + iG")/
iw for 7 in eq 16. The solution of the resulting equation can be
multivalued. Only a single stable solution is found, however, if
the initial estimate for G(w) is in the physically possible range.
By solving the resulting equation numerically, we obtained an
inertia-corrected G(w) over the full frequency range measured.
After subtracting the contribution from the solvent viscosity,
—iwns (s solvent viscosity), the resulting complex shear
modulus for F-actin is plotted in Figure 4b.

The (apparent) shear modulus of the actin solutions measured
with one-particle MR can be approximately described as a sum
of two power laws:

G(w) = C\(—iw)" + Cy(—iw)” (19)

The solid lines in Figure 4b are fits to eq 19 with parameters
C1=0.033,a =0.84, C; =0.26, and b = 0.23. Similar behavior
of actin solutions was observed in prior studies.>®3* Power-
law behavior at high frequencies is ubiquitous for polymer
networks and well understood in terms of single-filament
dynamics on scales below that of an effective entanglement
length.?**-* With AMR, not only G" but also G' can be
followed well into the high-frequency power-law regime, which
had not been possible in earlier PMR experiments.® The
transition to a different power law at low frequencies could be
the gradual emergence of an elastic plateau, but comparison
with two-particle results (see below) shows that it is likely that
this transition reflects a local effect (described in detail in ref
14), found only in the one-particle response, that does not reflect
the bulk behavior of the embedding medium.
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Figure 5. Two-particle MR (probe radius ¢ = 1.28 um, distance r =
12.1 um) in an entangled actin solution (I mg/mL concentration). (a)
Real (filled circles) and imaginary part (open circles) of the complex
shear modulus measured with AMR. Broken lines are the theoretically
predicted asymptotic behavior G(w) ~ 1.6(—iw/2mw)¥* for an actin
solution. Solid lines are theory including additional relaxation by end
retraction,® parameters exactly as in ref 33 with contour length equal
to the persistence length. (b) Real (filled squares) and imaginary part
(open squares) of the complex shear modulus measured with PMR.
Bandwidth is limited to ~1 kHz because inertia cannot be corrected.
Solid lines are the same theoretical curve as those shown in (a). Low-
frequency noise causes G" to be underestimated. (c) Comparison of
bulk shear modulus (broken lines) and one-particle MR (G': filled
circles; G": open circles). Solid lines are the theoretical curve for the
continuous depletion model ({ equal to probe radius). (d) Schematic
illustration of the continuous depletion layer and local deformation of
an actin filament (upper) and the concentration profile of actin for each
depletion model (lower).

Two-Particle Microrheology in Actin. Figure 5a,b shows
the complex shear modulus, G' and G", measured with two-
particle active and passive MR. The influence of the two optical
traps can be taken into account using eq 11. Having already
confirmed in the previous section that one-particle active and
passive MR give quantitative agreement at low frequencies
where the effects of the optical trap are most relevant, we used
AWM and A® obtained by one-particle PMR to insert into eq 11.
We furthermore took solvent inertia into account by numerically
solving eqs 17 and 18a. The resulting curves for G' and G" are
shown in Figure 5a for AMR and Figure 5b for PMR. Both G’
and G" clearly show the high-frequency power-law behavior
in the AMR data (Figure 5a), while for PMR data the high-
frequency regime of G' is cut off by the Kramers—Kronig
integral, and clear high-frequency power-law behavior is not
seen (Figure 5b).

The microscopic origin of the mechanical properties of actin
networks are the relaxations of the thermally undulating
semiflexible actin filaments. For solutions in the limit of high
molecular weight, these relaxations in a viscous embedding
medium lead to power-law behavior of the shear modulus with
an exponent 3/4 at high frequencies.?®** Experimentally, it has
been reported'®>>-3¢ that the high-frequency response of “cross-
linked” actin networks shows good quantitative agreement with
the theoretical predictions G(w) = 1.6(—iw/2m)** (for 1 mg/
mL actin®***) plotted as a dashed line in Figure 5a. “Non-cross-
linked” solutions of finite-length semiflexible polymers, which
we have studied here, exhibit an additional mode of relaxation
associated with retraction of their free ends under shear or
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extensional flow.*~"7% This results in a reduced shear modulus
and a deviation from the pure 3/4 power-law scaling shown as
a dashed line in Figure 5a. This has been already suggested in
prior two-particle PMR results,® and we also confirm it here
more clearly by correcting for the influence of fluid inertia with
AMR. The theoretical curves in Figure 5a,b were calculated
according to refs 33 and 39 using the appropriate parameters
for an entangled actin solution at a concentration of 1 mg/mL
and (estimated) filament length equal to the persistence length.
Thus, the AMR data agree well with theoretical predictions
without adjustable parameters in the whole range of frequencies
measured.

There remains a small systematic discrepancy between AMR
and PMR two-particle data. The shear modulus measured with
PMR shown in Figure 5b is smaller than both the AMR results
and the theoretical curve. This might be due to additional
nonthermal fluctuations caused by slow nonequilibrium pro-
cesses, such as polymerization and depolymerization of actin*’
or by mechanical noise in the setup.

Local Mechanical Response in Equilibrium Actin Net-
works. Having concluded that two-particle AMR accurately
measures the bulk viscoelasticity of entangled actin solutions,
we now discuss the local elastic response manifest as the
difference between the one-particle MR result and the bulk shear
modulus or two-particle MR result (Figure 5c). Because of steric
exclusion, which is expected to have a rather long-range effect
given the semiflexibility of F-actin filaments, it has been
suggested®*'*? that there exists a layer of micrometer thickness
around the probe particles that is partially depleted of actin.
This effect has been tested experimentally in DNA and actin
solutions and modeled approximately by assuming a completely
depleted shell around the probe particles.'*'”** Instead of such
a discontinuous concentration profile around the probe, we here
use another model of ref 17 with a corona consisting of a
continuously increasing actin concentration. The model consid-
ers a discrete series of contiguous depletion shells around the
probe particle. The strain field is calculated using stress and
displacement continuity at the shell boundaries, and then the
limit of infinitesimal thickness for each layer is taken. Since
we do not precisely know the density gradient for actin filaments
near a sphere, we use the concentration profile that has been
calculated for semidilute polymers near a flat wall'”*++>

p(x) = p, tanh’(x/&) (20)

where po is the bulk concentration in units of contour length
per unit volume (3.9 x 10'3 m™2). This approach is still an
approximation that neglects the fact that the depletion depth is
roughly on the order of the mesh size and the persistence length
of the actin filaments (all micrometers) which makes a con-
tinuum approximation become marginal. Knowing the bulk
shear modulus G(p,w) of actin solutions as a function of actin
concentration (based on the model®*-** which we tested here as
shown in Figure, 5), we numerically calculated the one-particle
response function within the continuous depletion model and
obtained the apparent shear modulus from the Stokes—FEinstein
relation (eq 5). The solid lines in Figure 5c show the model
curves with one adjustable parameter, the characteristic thickness
of the depletion layer &. The high-frequency power law behavior
shows good agreement for both G' and G" between one-particle
MR and the numerical calculation with & equal to the probe
radius. This approach provides a better explanation of the
observed one-particle response (Figure 5d), especially of the
elastic part of the response that tends to be neglected by a purely
viscous depletion shell.

The continuous shell model we used here also assumes that
the medium is incompressible. Strong coupling between the
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Figure 6. (a) Imaginary part of one-particle response functions in a
nonequilibrium system. The apparent response function A” measured
with AMR (filled circles) and PMR (solid line). The response function
o after eliminating the effect of the optical trap using eq 21, measured
with AMR (open circles) and PMR (broken line). Nonequilibrium
fluctuations show as disagreement between AMR and PMR (arrow) at
frequencies <10 Hz. (b) Trap-corrected response functions o (open
circles) and o, (broken line) measured with AMR and PMR,
respectively, which show distinct power law behaviors. Inset shows
the motor-generated force spectrum calculated by comparing AMR and
PMR.

solvent and the polymer network guarantees incompressible
mechanical response at large distances and/or short time
scales.®?® It should be noted, however, that slow and local
deformation of filaments can decouple from the solvent motion,
violating incompressibility. This could be one reason for the
disagreement between the numerical calculation and experi-
mental data in Figure 5c at low frequencies. There is a further
effect that probably explains the deviations of the one-particle
response from the bulk results, namely the effect of local
bending of filaments (Figure 5d). A systematic study of this
effect will be published elsewhere.'*

Detection of Nonthermal Forces in an Out-of-Equilibri-
um Actin—Myosin Network. In systems out of thermody-
namic equilibrium, the fluctuation—dissipation theorem need
not be valid since the displacement fluctuations of probe
particles are driven not only by thermal but also by
nonthermal forces. Combining AMR and PMR and evaluating
the difference between the results, using the same beads in
the same samples, is thus a convenient and accurate way to
test for nonequilibrium behavior of a system and to quantify
the nonthermal fluctuations by calculating Mu(w)*Gonthermal =
C(w) — 2kgTa"/w, where a” is the imaginary part of the
response function measured by AMR. We have reported
nonequilibrium fluctuations of probe particles in a strongly
cross-linked actin network driven by myosin motor proteins
in a previous study.'® Here we focus on the method and
demonstrate the principle of the approach in more detail on
a similar system, consisting of an actin/myosin gel that was
not cross-linked in addition to the transient cross-linking
provided by the myosin motors themselves.

Figure 6a shows one-particle active and passive MR data.
We observed a clear difference between spectra measured by
AMR and PMR at frequencies lower than ~10 Hz and good
agreement at frequencies above ~10 Hz. Shown are the response
functions measured by AMR with (o") and without (A")
correction for the influence of the optical trap using eq 4. PMR,
in this out-of-equilibrium sample, reports the totality of fluctua-
tions, thermal and motor-generated, and because of that the true
response function cannot be determined via FDT with eq 6. To
bring the PMR results in a form that can be compared with the
AMR results, we calculate the normalized power spectral density
as wC(w)/2kgT. In the presence of the optical trap, the total
observed particle fluctuations C(w) can then be expressed as
the sum of thermal and nonthermal fluctuations as
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where flw) denotes the Fourier transform of the motor-generated
nonequilibrium forces acting on the probe particle. Using eq 4,
we obtain the trap-corrected normalized power spectral density
c(w) measured with PMR, which is determined from

Clw) =

1 { 2kgTa"

2 2 —
(0 + kool + ka® + la@)I“Of)l [} =

c(w)
(1 + koo + ko*)

(22)

This last step in the data processing is necessary because, due
to the softness of the non-cross-linked actin/myosin gel, the
optical trap had a non-negligible effect on the response functions
(Figure 6a) (whereas in the strongly cross-linked gels studied
previously the trap effect could be ignored'®). The combination
of AMR and PMR is therefore not just necessary to distinguish
nonequilibrium from thermal fluctuations, but is also indispen-
sable to correct for the influence of the optical trap in the PMR
data.

In Figure 6b, we compare the trap-corrected AMR and PMR
results. Agreement of AMR and PMR above 10 Hz implies that
the motor-generated nonthermal fluctuations are negligible in
this regime; both methods give the actual response of the
material. At high frequencies, we observe power-law behavior
typical for a semiflexible polymer network o (w) ~ w07, At
frequencies just below 10 Hz the actual response function
measured with AMR displays a smaller log—log slope and has
approximately a power-law form of o (w) ~ ™%, This is
exactly what is expected from a network with internal motor-
generated tension as reported before.'® At frequencies below
10 Hz, there is also a clear difference between (trap-corrected)
AMR and PMR results. This is due to the motor-generated
nonthermal fluctuations. The apparent response function mea-
sured by PMR has approximately a power-law slope of a" (w)
~ o~ ! over a rather wide frequency range. It is interesting to
note, as an aside, that the power-law slope in the response
function with an exponent of —1 corresponds to a power-law
slope with exponent —2 in the power spectral density of the
displacement fluctuations. This is by coincidence exactly what
is seen for diffusion in a purely viscous medium in equilibrium.
Displacement spectra with slope of —2 at such low frequencies
have also been observed in cells,*>*’ and it is tempting to
interpret these as the result of free thermal diffusion. This
potential error is avoided by comparing PMR with AMR where
it is obvious that the network has clearly viscoelastic response
and that the displacement fluctuations are at these frequencies
dominated by nonequilibrium fluctuations. The inset of Figure
6b shows the spectrum of force fluctuations, calculated from
the comparison of AMR and PMR using eq 22. The spectrum
of the force fluctuations in the non-cross-linked actin—myosin
networks scaled approximately as Oflw)?0~ w~!. This is
different from what had been found in a cross-linked active gel
where Ofiw)P0~ ™2 A possible explanation for the latter
behavior was the slow buildup of tension followed by sudden
release caused by the sudden detachment of myosin multimers
from the actin filaments.'®*® Here, on the other hand, in non-
cross-linked active gels,* it is likely that several myosin
minifilaments work cooperatively and that the restoring forces
from the network are smaller. Therefore, both the development
and the release of tension should become more gradual. An
explanation beyond this qualitative argument will have to await
further experiments.
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Conclusions

We have performed active and passive MR using exactly the
same probe particle, both in water and in an entangled F-actin
solution which served as a model for the cell cytoskeleton. By
comparing results, we have demonstrated the advantages of the
active variant of high-bandwidth microrheology. Active MR
allowed us to quantitatively measure both real and imaginary
parts of the shear modulus up to 100 kHz and to quantitatively
explore fluid inertial effects. At low frequencies, where PMR
is limited by noise, AMR gave more precise results with better
signal-to-noise ratio than PMR. The application of AMR to the
entangled actin network extended earlier results and now clearly
confirms that the frequency dependence of the complex shear
modulus is well described by theoretical models. In particular,
two-particle AMR agreed well with theory. One-particle active
MR, in contrast, turned out to be very sensitive to local structural
and dynamic inhomogeneities caused by the probe particle itself.
While in equilibrium samples AMR and PMR gave the same
results in the frequency range where both are reliable, in
nonequilibrium systems, the combination of both methods
provides a unique and very accurate way to quantify the
nonthermal fluctuations and to calculate the spectrum of the
forces driving the system out of equilibrium.

Materials and Methods

Experimental Setup. The experimental setup, shown schemati-
cally in Figure 1, consisted of two optical traps made with lasers
of two different wavelengths.'® In AMR, one of the lasers was
operated at higher power (drive laser, 4 = 1064 nm, Nd:YVOy,,
Compass, Inc., Santa Clara, CA) and was deflected by an acousto-
optic deflector (AOD, model DTD 276HB6, IntraAction, Corp.,
Bellwood, IL). The AOD was driven by a voltage-controlled
oscillator (VCO, model AA.DRF. 40, AA Sa, Orsay, France). By
sinusoidally modulating the output frequency of the VCO, the
deflection angle of the AOD (and the location of the laser focus in
the sample plane) was oscillated. The other optical trap (4 = 830
nm, 1Q1C140/6017, Laser 2000, BeNeLux C. V., Vinkeveen,
Netherlands) was stationary and was used to sensitively detect the
position of either the same probe particle (one-particle AMR) or a
different second probe particle (two-particle AMR). The technique
used in this study for precise position detection was back-focal-
plane laser interferometry.>® The angular deflection of the probe
laser due to the displacement of the probe particle was detected
with a quadrant photodiode (QPD, SPOT9D, OSI optoelectronics
AS, Horten, Norway), and the output signal from the QPD was
measured with a lock-in amplifier (model SR830, Stanford Research
Systems, Inc., Sunnyvale, CA). The lock-in amplifier was provided
with a reference signal derived from the VCO.

For PMR, the oscillation of the drive laser was turned off and
the thermal motions of probe particles were detected. The output
signal from the QPD was digitized at 195 kHz with an A/D board
(AD16 board on a ChicoPlus PC-card, Innovative Integration, Simi
Valley, CA) and recorded with a PC. After passing through the
sample, the probe laser and drive laser were collimated with the
high-numerical-aperture condenser lens (1.4 NA) and separated
again with a polarizing beam splitter, followed by a laser line filter
for the respective wavelength. Then an image of the back-focal
plane of the condenser was projected onto two independent QPDs.

Calibration. The particle position u(¢) and the applied trapping
force were obtained from the linear relation to the output voltage
of the QPDs. In order to obtain the calibration factor for the particle
position, Cal = u(t)/V(t), and the stiffness k of the optical trap,
power spectral densities of probe particles were recorded in water
and fitted with a Lorentzian in the form of”'

2k T

C = —
(@) )/(wc2 + wz)

(23)
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Figure 7. Direct calibration by oscillating a probe particle (a—c) and
conventional calibration using the PSD of thermal fluctuations. (a) The
output of the probe laser overlapping with the oscillating drive laser.
(b) Position of the trapped particle obtained from video images. (c)
Linear relation between QPD output and particle displacement. The
calibration factor obtained with this method was 25.4 x 107° m/V. (d)
Power spectrum of the same particle in water without oscillation. The
calibration factor obtained by fitting with eq 22 was 28 x 107° m/V.

Here, w. = k/7y is the corner frequency of the Lorentzian, and the
friction coefficient y is given by the Stokes formula y = 67ya,
where a is the particle radius and 7 is the viscosity of fluid. Knowing
the bead diameter, the solvent viscosity and temperature, we obtain
Cal and k.

The derivation of the calibration factor Cal using eq 23 is based
on the fluctuation—dissipation theorem (FDT). In order to, alter-
natively, directly obtain this calibration factor, a colloidal particle
attached to a coverslip was moved by a known distance with a
piezo-driven stage, and the deflection of the detection laser by the
particle was measured. This method neglects that the calibration
factor generally depends on the distance of the trapped particle from
the bottom of the sample chamber because of spherical aberrations
occurring at the glass—water interface in the sample chamber when
using an oil immersion objective.>* Close to the coverslip, interfer-
ence by multiple reflections between the probe particle and the glass
surface can also influence the deflection pattern at the back focal
plane.>® In this study, we trapped a probe particle (a = 1.28 xm)
with the drive laser at the same height (20 um from the bottom
surface) as was used in the rest of the experiments and oscillated
the particle slowly (~1 Hz) with the AOD so that the probe particle
completely followed the focus of driving laser. The sinusoidal
response of the output of the QPD for the probe laser was recorded
as shown in Figure 7a. In order to obtain the amplitude of the laser
oscillations L, the oscillatory motion of the same bead was video
recorded (IMAQ, image capture board PCI 1405, National Instru-
ments), and the position of the center of mass of the particle was
tracked as shown in Figure 7b. We found a calibration factor of
2.53 x 1078 m/V by plotting the amplitude of the displacement
(nm) versus output voltage (V), as shown in Figure 7c. At the same
time, as shown in Figure 7d, V(w)?Ofor the probe laser was
measured under exactly the same conditions, except turning off
the oscillation of the drive laser. From fitting with eq 23, the
calibration factor was obtained as 2.8 x 107® m/V. The difference
between the calibration factors measured in those two ways were
usually within a 10% margin of experimental error.

Correction of AOD Response. In order to correctly measure
the phase of the displacement response with respect to the driving
signal, all instruments have to be checked for their own charac-
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Figure 8. Collection of system responses obtained after repeated optical
alignments. Diffraction of the oscillating drive laser by a colloidal
particle attached to the glass surface was measured with the QPD. (a)
The amplitude of the system response decays at low frequencies due
to the ac coupling input into the lock-in amplifier. At high frequencies
around 100 kHz, an ambiguity of amplitude is observed within 15%.
(b) Phase delay of the system response is linear with the applied
frequency. The slope was dependent on the optical alignment (position
of laser path in AOD).

teristic response (time delay), which has to be corrected for using
the direct output of the lock-in amplifier. Figure 8 shows the
response function of our experimental system (amplitude and phase
delay) measured by using a probe particle attached to the coverslip
and driving the AOD with a signal of constant amplitude and
varying frequency from the VCO. Since the particle did not move
in response to the oscillation of driving laser, the output of the
QPD that detected the probe laser did not give an oscillating
response. Instead, the output of the QPD that detected the drive
laser was fed into the lock-in amplifier, and amplitude and phase
as a function of frequency were recorded. The amplitude of the
output of the lock-in amplifier decreased at frequencies lower than
1 Hz because of the ac coupling of the input signal channel (Figure
8a). A significant phase delay therefore also occurred in this regime,
which had to be corrected (data not shown). Except at those low
frequencies, the phase delay changed linearly with the oscillation
frequency (Figure 8b). The reason for this delay is the finite time
it takes for the ultrasonic wave generated by a piezo crystal at the
edge of the AOD crystal to reach the position where the incident
laser beam passes through the crystal. The phase delay ¢ caused
by this finite time delay of the ultrasound wave is

i=Li-2 (24)

where [ is the distance the ultrasound wave has to travel and v ~
4 x 10° cm/s is the velocity of ultrasound wave in the AOD crystal
(TeO,). From Figure 8b, we deduce approximately / ~ 3 cm, which
depends on the alignment of the optics, as shown in Figure 8b,
since [/ is arbitrarily determined. Therefore, the calibration for the
response of the experimental system had to be performed before
every experiment if the laser alignment had been changed. At very
high frequencies, the amplitude of the QPD output varied randomly
within the error of ~15%, depending on the alignment of the optics.
This is likely to be an artifact that comes from the AOD. At high
frequencies (f ~ 10° Hz), the wavelength of the ultrasound wave
(v/f) and the diameter of the driving laser beam in the AOD (~ 1
cm) became comparable so that the laser was not diffracted
uniformly, and the profile of the diffracted laser was distorted. Since
the distortion of the driving laser is directly detected in the
corresponding QPD, the artifact found in Figure 8a is more
pronounced than that detected in the response measured with the
QPD for the overlapped stationary detection laser. In that case only
the force driving the particle is affected, but not the detection by
the probe laser. Therefore, the high-frequency error in the amplitude
due to a nonuniform laser deflection was at most 15%, which was
neglected in this study.

Photothermal Effect. Although water is relatively transparent
(absorption length ~10 cm) for the near-infrared red light used for
optical trapping (A = 1064, 830 nm), the small absorption of the
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Figure 9. Photothermal effect. (a) QPD response for the probe laser
overlapping with the drive laser was detected in the lock-in amplifier
without trapping a probe particle in water (open squares) and in glycerol
(open circles). The signal level in water measured by the trapping probe
particle (filled circles) was larger than the photothermal effect. (b)
Schematic illustrating the photothermal lens effect in different condi-
tions.

drive laser still resulted in heating of the sample near the laser
focus.>* This sample heating leads to a small refractive index
gradient that acts as an effective optical lens,’” causing deflection
of the probe laser. This phenomenon, known as the photothermal
lens effect, must be subtracted from the observed signal when its
effects are significant. Open squares in Figure 9a show the pure
photothermal effect, which was measured with the active method
in water in the absence of a probe bead at the focus (situation 3 in
Figure 9b). The filled circles show the output of the lock-in amplifier
measured in the normal way in water with a probe particle at the
laser focus (situation 4).

Laser absorption and the temperature coefficient of the refractive
index are both smaller for silica particles than for water. We
compared the photothermal effect from a silica particle attached to
a coverslip (situation 1) as well as in water (without a trapped
particle, situation 2) and found that the photothermal effect for silica
particles (¢ = 1.28 um) was 4—5 times smaller than that of water.
The photothermal effect is also dependent on the height of the laser
focus above the coverslip because of (i) spherical aberration and
(ii) the finite time delay for thermal diffusion from heat source (laser
focus) to heat sink (coverslip). The effectiveness of the coverslip
as a heat sink has been discussed in detail elsewhere.>* Therefore,
we estimate the photothermal effect from the silica particle trapped
20 um away from the surface and the photothermal effect in water
at the same height while taking a 4—5 times difference in the
efficiency of heat absorption between silica and water into
consideration. The desired signal, which is purely proportional to
the displacement of the probe particle, was obtained by correcting
the photothermal effect estimated in this way.

Sample Preparation. Monomeric actin (G-actin) is a globular
protein that polymerizes to form semiflexible filaments (F-actin)
in buffer with Mg>* and ATP. Actin and myosin II were prepared
from rabbit skeletal muscle according to published methods.>® Actin
was stored at —80 °C in G-buffer (2 mM Tris-Cl, 0.2 mM CaCl,,
0.5 mM DTT, 0.2 mM ATP, pH 7.5) and myosin at —80 °C in
high salt buffer (0.6 M KCI, 50 mM KH,PO,, PH 6.5). To obtain
entangled actin solution, actin (3.4 mg/mL) and probe particles are
diluted into F-buffer, which contains (HEPES 2 mM, MgCl, 2 mM,
KCl 50 mM, ATP 1 mM, EGTA 1 mM, pH7.2). For active
actin—myosin solution, actin and myosin (170 nM) were diluted
into F-buffer. After mixing, samples were immediately infused into
sample chambers (inner dimensions 15 mm x 3 mm x 100 um)
made from a microscope slide, a coverslip, and double-stick tape.
Samples were kept at rest at least for 1 h in order to let them
polymerize completely before starting the experiment.
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