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ARTICLE 

  

Measuring fluctuating dynamics of sparsely crosslinked actin gels  

with dual-feedback nonlinear microrheology 

Kenji Nishizawa, ‡b Natsuki Honda, ‡a Shono Inokuchi,a Hiroyuki Ebata,a Takayuki Arigac and 
Daisuke Mizuno*a 

 

We investigate the fluctuating dynamics of colloidal particles in weakly crosslinked F-actin networks with optical-

trap-based microrheology. Using the dual-feedback technology, embedded colloidal particles were stably forced 

beyond the linear regime in a manner that does not suppress spontaneous fluctuations of particles. Upon forcing, a 

particle that was stably confined in a cage made of the network’s crosslinks started to intermittently jump to the next 

caging microenvironments. By investigating the statistics of the jump dynamics, we discuss how heterogeneous 

relaxations observed in equilibrium systems become homogeneous when similar jumps were activated under constant 

forcing beyond the linear regime.  

 

I INTRODUCTION 

Actin filament (F-actin) networks are the major 

component of cytoskeletons that regulate various cellular 

processes [1]. The mechanical properties of cytoskeletons have 

been intensively investigated since they control proper 

biological functions [2-7]. F-actin networks are typical soft 

materials in the sense that their physical properties are 

determined by mesoscale (nm ~ m) structures and their 

fluctuating dynamics. To elucidate the mechanical properties, 

the thermal fluctuation of colloidal particles embedded in 

entangled F-actin networks has been measured with a 

technique referred to as linear microrheology (MR). 

MR is a technique to probe local mechanical properties of 

a sample from the movement of embedded probe particles [5,8-

13]. Linear MR observes either a probe’s spontaneous 

fluctuation (Passive MR: PMR) [5,9,14] or its response to 

small external forces (Active MR: AMR) [10,11,15]. At 

thermodynamic equilibrium, the fluctuation-dissipation 

theorem (FDT) guarantees that AMR and PMR provide 

equivalent information, i.e., the linear viscoelasticity of 

surrounding medium [10,16,17]. For nonlinear MR, probe 

particles are forced beyond the linear regime. In ordinary 

nonlinear MR, a direct response of the probe movement to the 

force was investigated in a similar way to AMR (nonlinear 

AMR) [18-20]. Among these techniques, linear PMR has been 

widely used to investigate soft materials, including F-actin 

networks.  

The F-actin network is characterized by a persistence 

length of ~10 m and a diameter of 7 nm  [1]. The  meshwork 

size of the network is typically 100 nm to sub-m when 

polymerized at physiologically relevant concentrations (~ 

mg/mL) [21]. For a crosslinked network, the crosslink distance 

cl  falls somewhere between the mesh size and the contour 

length of the actin filament. In semi-dilute or non-crosslinked 

conditions, the mesoscale structures fluctuate spontaneously 

with thermal energy. By observing the thermal fluctuation with 

linear PMR, the anomalous properties of F-actin networks, e.g., 

non-Gaussian statistics [22-24] and sub-diffusive power-law 

dynamics [2,4,6], have been studied. Even though the radius a 

of the probe particle was sufficiently greater than  , the 

fluctuation showed a violation of Stokes’ law, indicating that 

the continuum assumption does not hold [2,4].  

When a probe particle is made smaller, the dynamics 

dramatically change at ~ a ; the particle starts to jump 

between different local cages infrequently. The temporal 

distribution of these jumps results in the anomalous sub-

diffusion [6,22,23], likely reflecting the heterogeneity of 

microscale structures. Thermal jumps become rare to observe 

when the F-actin concentration is increased or the network is 

crosslinked. In that case, by forcing the probe particle beyond 

its linear response regime, not only the direct response to the 

force but the stochastic fluctuation is also produced. Such non-

thermal fluctuation is expected to provide abundant useful 

information to investigate physical properties of non-

equilibrium systems. However, observing the “purely” 

stochastic fluctuation induced under nonlinear forcing has been 

challenging.  

MR experiments can be performed with high bandwidth 

and high precision by utilizing the optical-trapping and the 

laser-interferometry technique [5,8,9]. In ordinary nonlinear 

MR experiments, a colloidal particle was trapped with a fixed 

drive laser, and the piezo-mechanical stage holding the sample 

container was moved [20]. The probe particle’s position within 

the trap was measured via the diffraction of a probe laser that 
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impinges on the particle (the back-focal-plane interferometry: 

BFPI [25]). The optical-trapping force then fluctuated 

according to the stochastic motion of the particle within the 

trap. Furthermore, the probe fluctuation was suppressed by the 

trapping potential formed around the laser focus [10,26]. These 

artifacts critically hinder our aim to investigate the fluctuating 

dynamics of a probe particle under nonlinear forcing.  

In this study, we investigate the non-thermal fluctuation 

which was induced under constant forcing beyond the linear 

response regime (nonlinear PMR). We introduced a fast 

feedback control of the drive laser, referred to as force 

feedback. The real-time position of the probe particle was 

measured with BFPI, and the position (focus) of the drive laser 

was rapidly optimized so that it quickly followed the 

fluctuating probe particle. Thereby, the well-controlled force 

was applied to the probe particle without preventing its 

fluctuation. In order to track a vigorously-fluctuating probe 

particle over large distances, we introduced another feedback 

referred to as stage feedback [27]. A piezo-mechanical stage 

on which the sample chamber was placed was also controlled 

by feedback. Thereby, the fluctuating probe particle was stably 

kept close to the focus of a fixed probe laser.  

Using the dual-feedback technique, nonlinear PMR was 

performed in loosely crosslinked F-actin gels. Forces of up to 

several pN caused directed movements of the probe, not a 

continuous smooth movement like in homogeneous liquids, 

but with intermittent hops that occurred randomly both in time 

and size. Despite the apparent heterogeneity implied by the 

observation, careful statistical analysis showed that the 

underlying energy landscape was homogeneously stochastic. 

These findings highlight the potential of the developed 

technique to investigate a nonlinear and dynamic response in a 

nonequilibrium soft matter.  

 

II MATERIALS 

Globular (G-) actin was prepared from rabbit skeletal 

muscle according to a standard protocol [3] and was stored at -

80 ℃ in G-buffer [2 mM tris-Cl, 0.2 mM 2CaCl , 0.5 mM 

dithiothreitol (DTT), and 0.2 mM ATP (pH 7.5)]. G-actin was 

diluted into F-buffer [1 mM Na2ATP, 2 mM HEPES, 1 mM 

EGTA, 2 mM 2MgCl , and 50 mM KCl (pH 7.5)] to initiate 

actin polymerization. To prepare a crosslinked F-actin gel, G-

actin, heavy meromyosin (HMM, Cytoskeleton Inc., USA), 

and a small number of polystyrene beads (Polysciences Inc., 

2 1 μma  ) were mixed. The final concentration of G-actin 

and HMM were 1.3 mg/ml and 0.04 mg/ml, respectively. The 

solution was then quickly infused into sample chambers made 

of a microscopic glass slide (size 7.6 × 2.6 cm; Matsunami 

Glass Ind., Ltd., Japan) and a No.1 coverslip (size 26 mm × 10 

mm × 150 μm; Matsunami Glass) placed on two parallel layers 

of double-sided tape. Samples were left for polymerization for 

at least 1 h. 

 

III NONLINEAR PMR  

As shown in Fig. 1a, two lasers were used to conduct the 

force and stage feedback. The optical trapping force  F t  was 

applied to a probe particle with a drive laser ( 1064  nm, 4 

W CW, Nd:YVO4, Compass, Coherent Inc.). The focus 

position of the drive laser was rapidly steered by an acousto-

optic deflector (AOD, model DTSX-400-1064, AA Opto-

Electronic). The position of the drive laser was measured with 

BFPI by using a quadrant photodiode (QPD) placed at the 

back-focal plane of the objective and condenser lenses. QPD 

provided a voltage signal ( )V t  proportional to the separation 

between the laser focus and the center of the probe particle. As 

written below, the optical-trapping force was then tuned to the 

desired quantity by the force feedback.  

We define displacements ( )u t , AOD ( )u t , and d ( )u t  as 

shown in Fig. 1b. ( )u t  and AOD ( )u t  are the displacements of 

the probe particle and the focus of the laser, respectively. d ( )u t  

is the distance between the probe particle and the focus of the 

laser. The displacement of the probe in the sample is described 

as AOD d( ) ( ) ( )u t u t u t  . As shown in Fig. 1a, the output 

voltage ( )V t  of the QPD, which is proportional to d ( )u t , was 

fed to a Proportional-Integral-Derivative (PID) controller 

(SIM960, Stanford Research Systems). An output signal 

AOD ( )t  from the PID controller was produced via the integral 

term of the PID,  AOD 0( ) ( )  t I V t s dt   , where I is the 

programmable feedback gain and 0s  is the set point of the PID 

controller. Since the laser moves by AOD AOD AOD( ) ( )t tu C  , 

AOD ( )u t and d ( )u t  are correlated via the feedback as, 

   AOD AOD AOD PID d d 0( ) ( ) 1 ( ) .u t C t u t C s dt       

 (1) 

Here, PID d AOD/C C I   is a characteristic response time of the 

force-feedback system. The proportionality constants, 

d d ( ) ( )/tC u V t  and AOD AOD AOD( ) (/ )t tC u  , were obtained 

following procedures given in Refs. [10,27]. The fluctuation 

slower than PID  is tracked by laser focus as AOD ( )u t , while the 

probe’s fluctuation faster than PID is detected by QPD as 

d ( )u t . To ensure that the optical manipulation does not 

suppress the particle’s intrinsic fluctuations, we adjusted PID   
to be smaller than the response time of the trapped particle, 

c 0 ~ 0.03 sk   , by changing the programmable feedback 

gain I. In our experiment, we used 6
PID 7.7 10  s : . The 

distance between the probe particle and the focus of the drive 

laser is then kept constant at d d 0u C s  (Fig. 1b). The constant 

force d dF k u  is then applied to the probe particle, regardless 

of its fluctuating movements.  

For nonlinear MR, the applied force induces vigorous 

probe fluctuations and drifts. Force-feedback MR cannot be 

precisely conducted when the AOD-controlled laser (

1064 nm  ) moves away from the optical axis of the 

objective lens. An offset in QPD output and an error in the 
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calibration factor Cd appear when the laser is far (~10 m) from 

the optical axis (see Appendix A for the details). Also, the force 

feedback follows the probe particle only in lateral directions; 

deviation of the probe from the laser focus along the optical 

axis can also introduce significant errors due to the change of 

the BFPI sensitivity [28]. In order to track a largely fluctuating 

probe [29], another feedback control mechanism referred to as 

stage feedback [27] was introduced in addition to the force 

feedback.  

As detailed in our prior study [27], stage feedback was 

applied in three dimensions (3D) by controlling the piezo stage 

on which a sample chamber was placed (Fig. 1a) [27]. The 

probe displacements in lateral (x-, y-) directions were measured 

by BFPI using another fixed probe laser ( = 830 nm, 150 mW, 

IQ1C140, Power technology Inc.); displacements in the axial 

(z-) direction were measured by analyzing the pattern of the 

microscope image of the probe particle [28]. The piezo stage 

was then controlled using PID feedback. Since the probe laser 

was weak and the set point for the stage feedback was set to 

zero, the optical-trapping force applied by the probe laser was 

negligible. Since the response of a piezo stage is slow due to 

its inertia, the feedback-response time was set much larger than 

the force feedback. This stage feedback can be performed 

within the travel range of the piezo stage, ~200 m in this 

study.  

Performing the force feedback and stage feedback 

simultaneously (referred to as the dual-feedback mode), stage 

feedback keeps the particle close to the optical axis (Fig. 1a). 

The displacement of the probe ( )u t  is obtained from the sum 

of the displacement of the piezo stage s ( )u t  and the distance 

between the probe particle and the focus of the probe laser 

p ( )u t , p s( ) ( ) ( ).u t u t u t   The piezo stage tracks the slow/large 

fluctuations of the probe s ( )u t , while the fast/small 

fluctuations are detected by the BFPI using the probe laser 

p ( )u t . Because of the extensive dynamic range and high 

resolution, this method is suitable for observing the fluctuating 

dynamics of the probe particle driven by nonlinear forcing.  

 

IV RESULTS 

Using the technique described above, a 2a = 2 m colloidal 

particle (Silica, Polysciences) was pulled in F-actin gels that 

were sparsely crosslinked with heavy meromyosin (F-actin 1.3 

mg/mL and HMM 0.04 mg/mL). Fig. 2a shows the 

displacements of the probe particles in the direction of the 

force. The probe particles were trapped in the surrounding gel 
16 when the applied force was small (e.g., F = 1.0 pN yellow 

line, and F = 2.5 pN green line), guaranteeing that thermal 

reptation does not occur. The power spectral density (PSD) of 

the probe displacements scaled as BPSD 2k T  (: angular 

frequency) was not affected by the application of such small 

forces (Fig. 2b). At F = 3.4 pN, however, some probe particles 

started to move with intermittent jumps (blue curves in Fig. 2a 

which correspond to blue broken curve in Fig. 2b). When these 

intermittent jumps were not observed, the PSD slightly 

decreased at low frequencies (Fig. 2b, blue solid curve), which 

 

 
 

FIG. 1. Nonlinear MR under dual feedback. (a) Schematic of the setup for dual-feedback nonlinear MR. Force-feedback 

control (right loop) and stage feedback control (left loop) are carried out simultaneously. For force feedback, a constant offset 

0( )s t s  was fed to the set point of the PID controller to keep a constant distance between the center of the fluctuating probe 

particle and the drive laser, du . For stage feedback, the displacement of the piezo stage su  was controlled to locate the probe 

particle around the focus of the fixed probe laser. (b) du  was maintained by force-feedback control. A stable, constant force 

d dF k u  was applied to the probe in one direction. The total displacement of the probe u  was obtained by summing pu  and 

su . 
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is consistent with the stress stiffening of cytoskeletal gels 

[30,31]. All probe particles experienced intermittent jumps 

when the applied force was increased further (F = 4.3 pN, red 

curve in Fig. 2a). The directed movements via intermittent 

jumps increased fluctuations at low frequencies, whereas 

fluctuations at high frequencies were not changed (Fig. 2b). 

Similar behavior has been frequently observed in various non-

equilibrium systems [16,32]; the increased fluctuations at low 

frequencies can be attributed to non-thermal fluctuations 

generated by energy input, provided here by the drive laser 

(broken curves in Fig. 2b).  

 

 

FIG. 2. (a) Time series of the probe movements in a crosslinked F-actin gel under constant forcing F. Nonlinear force-clamp 

MR was conducted with  6
PID 7.7 10  s, :  5

d ~1.7 10  N/mk  and 5
p ~ 1.5 10  N/mk  . Intermittent jumps were observed 

when the applied force was increased (F = 3.4 pN: blue curve, F = 4.3 pN: red curve). (b) BPSD 2k T  obtained by force-

clamp MR at different constant forces. These appeared in the PSD as enhanced non-thermal fluctuations at low frequencies 

(broken curves). (c) Probe movements under constant forcing 3.4 pN (red line). Blue line is the fit used to extract jumps of the 

probe using a step detection algorithm. (d) Probability distribution wtd w( )P t  of the waiting times between consecutive jumps 

(red circles), and bars indicate the normalized square root of the count which corresponds to the standard deviation. The results 

were fit by an exponential function  wtd w w e( ) expP t At N  (blue solid curve), power-law wtd w w p( )  P t t N  (green broken 

curve, 1.10  ) and two-parameter power-law function wtd w w( )  P t B t   (gray thin curve, 1.52  ). eN  and pN  are the 

normalization factors given as  
max

w w
min

exp At dt , 
max

w w
min

t dt

  where min = 0.175 and max = 18.6 are the minimum and 

maximum of 
wt  observed.  
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The dynamics of the stochastic jumps were investigated 

with the probability distribution wtd w( )P t  of the waiting times 

wt  between consecutive jumps. Jump events in the trajectory 

of the probe (Fig. 2c) were detected using the step detection 

algorithm. We chose the algorithm in which the step size for 

each jump is an adjustable parameter [33]. wtd w( )P t  of the 

forced jumps is shown in Fig. 2d. The experimental results 

were fitted by single-parameter functions, i.e., the exponential 

 wtd w w( ) expP t At   (solid blue curve in Fig. 2d) and the 

power-law function wtd w w( )  P t t   (broken green curve in 

Fig. 2d). Since the wtd w( )P t  data is normalized in Fig. 2d, the 

functions were also normalized in the range between the 

minimum (0.175s) and the maximum (18.6s) of waiting times 

observed in the experiments. The weighted residual sum of 

squares, i.e.,  
22 ( )i ii

y y w    where y is a fitted value 

for a given point, yi is the original data value and wi is the wight 

proportional to yi
1/2, shows that the exponential function ( 2 = 

1.22) fits better than the power-law one-variable fitting ( 2  = 

6.21). If wtd w( )P t  is fitted by a two-parameter power-law 

function wtd w w( )  P t C t  (gray thin curve in Fig. 2d), 2  = 

0.44 was slightly smaller than the one-parameter exponential 

function fitting. However, the Akaike Information Criterion 

(AIC), which is used to test the validity of the fitting, indicated 

that the two-variable power-law function was overfitting (AIC 

 
 

 
 
FIG. 3. (a) The probability distribution ( , )P u t   of probe displacements u  in duration t . A constant force (F = 2.5 pN) 

was applied to the probe in a positive direction. (b) ( , )P u t   measured at F = 3.4 pN. The central portion of the distribution 

( 0.1 st  ) was fit with a Gaussian (black curve). The area of the yellow region ( )S t was obtained by subtracting the 

Gaussian from the total fluctuations. (c) ( )S t  plotted as a function of the lag time 0.01 s 1 st   (circle: F = 4.3 pN, 

triangle: F = 3.4 pN).  (d) A schematic describing the relation between ( )S t  and wtd ( )P t . Provided that the last jump took 

place at t = 0, the area colored in orange indicates ( ).S t  (e) Scatter plot of work F x  and waiting time wt  taken before 

the jump event. The tracer beads in a crosslinked F-actin gel were under constant forcing F = 3.4 pN (Fig. 2c). (f) Schematic 

describing the characteristic lengths of crosslinked actin: network’s mesh size ξ (~ 140 nm), the distance between crosslinks 

along the same filament lc (~ 7 m), the distance between nearest crosslinks ln (~ 0.5 m). Blue circles are crosslinks. (g) 

Schematic describing jumping of probe particle to neighbouring potential wells, which are biased by the applied force (red 

curve). Jumping does not show glassy heterogeneous dynamics since the probe bead is not trapped in shallow sub-basins in 

the original potential wells (black curve).  
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= 10.44) compared to the exponential function fitting (AIC = 

4.55) and the power-law one-variable fitting (AIC = 9.54) 

[34,35]. The blue solid curve shows the exponential fitting for 

wtd w( )P t , indicating that each jump occurs following 

Poissonian statistics and that the forced probe particles 

exhibited Markov jumps that occurred randomly in time. 

However, this is a fit to experimental data measured within a 

short waiting time range, and it is not clear enough to make a 

strong statement that the particles exhibit Markov jumps only 

from this fitting. 

Therefore, the dynamics of the forced probe particle were 

investigated with another approach that does not need to guess 

when the actual jumps occur. We calculated the probability 

distribution ( , )P u t   of the probe displacements u  in the 

direction of the applied force that occurred during a lag time 

Δt, referred to as van Hove distributions. For weak forcing 

( 2.5 pNF  ), the shape of ( , )P u t   did not evolve with Δt 

and remained Gaussian (Fig. 3a). For stronger forcing (F = 4.3 

pN, Fig. 3b), the distribution function was close to Gaussian 

only when the lag time Δt was small. As the lag time Δt 

increases, the tail of the distribution extends in the direction of 

the force (Δu > 0). In contrast, the distribution in the opposite 

direction is hardly affected, remaining Gaussian.  

Non-Gaussian tails have been frequently observed when a 

probe exhibits rare but large jumps [29]. In such a case, the area 

( )S t  exceeding the thermal Gaussian distribution (the 

yellow region in Fig. 3b) indicates the probability that at least 

one jump occurred in t . The distribution of thermal 

fluctuations was estimated by fitting the Gaussian function to 

the central portion of the van Hove distribution, as shown in 

Fig. 3b. By subtracting the integrated probability of thermal 

fluctuations from the total, the area of the yellow region [

( )S t ] in Fig. 3b was obtained. Fig. 3c indicates that ( )S t  

evolves linearly with t . Note that ( )S t  is related to 

wtd w( )P t  by  

0

0
0 wtd w w0

( ) ( )
t t

t
S t dt P t dt

 
    ,  (2) 

as schematically shown in Fig. 3d. ( )S t   can then be 

expressed as ( ) exp( ) 1S t A t        from  

 wtd w w( ) expP t At  , consistent with the experimental result 

shown in Fig. 3c when t  is small. It indicates that ( )S t  

obeys Markov-like Poissonian behaviour with independent 

jump evens. 

As an additional examination, we considered the potential 

scenario where jumps do not adhere to a Poisson distribution. 

Upon performing a single-parameter fitting for wtd w( )P t , we 

found that the exponential function provided a superior fit 

compared to the power-law function (Fig. 2d). If we were to 

presume that the two-parameter power-law fitting could 

describe the jumps as wtd w w( )  P t C t   with  1.52  , 

0. 82 4
( )S t t t


     is derived by following Eq. (2), which did 

not conform well to the data shown in Fig. 3C. These 

inconsistencies can be resolved by rejecting the power-law 

assumption, thus supporting the Poissonian dynamics. We also 

examined the work done by the external force during the jumps 

( F x ) and the waiting time before the jump ( wt ) (Fig. 3e). 

The result shows that these two do not correlate, which also 

supports that the jumping dynamics obeys Poissonian.  

 

 

 

V DISCUSSION 
In order to have insight into the observed probe dynamics, 

it is necessary to estimate the characteristic lengths of our F-

actin sample. The mesh size ξ of the semi-flexible network is 

obtained from the length density ρ (= 49 2μm ) of the filaments 

as 1 : ~ 140 nm [21]. The average distance lc between 

crosslinks along each F-actin filament is estimated as  

 
1 32

c B p~ 6l k Tl G ,  (3) 

where pl = 10 m is the persistent length of actin filaments 

without phalloidin labeling. G is the elastic plateau modulus of 

F-actin / HMM gels that were not subjected to external forces 

[36]. We then obtain lc ~ 7 m whereas the average distance 

between nearest crosslinks is 23
n ~ 0.5 μmcl l :  since the 

number of cross-linkers in the unit volume is estimated to be 
2 1

c( )l   in the semi-flexible polymer (Fig. 3f) [37,38]. These 

characteristic length scales of the F-actin gel (mesh size ξ, 

persistent length lp, the crosslink distance lc) are similar to the 

size of the probe particle (a = 1 m) in order of magnitude, and 

therefore could profoundly affect the fluctuating dynamics of 

the probe particles.  

Without external forcing, probe particles are deeply 

constrained in the potential wells formed by the elastic 

microenvironments of the crosslinked gel. Therefore, thermal 

fluctuations could reflect merely the bottom curvature of the 

potential. The Gaussian nature (Fig. 3a) of the distribution 

under F = 2.5 pN implies that the medium surrounding the 

probe is regarded as a homogeneous continuum as far as linear 

MR is concerned. This is likely because our probes are 

constrained in the network with   smaller than the probe size. 

On the other hand, the jump process observed under nonlinear 

forcing ( 3.4 pNF  ) may reflect the whole depth of the 

potential associated with sparse crosslinks rather than the mesh 

of the network. Even if nl a , the position of filaments and 

crosslinks can rearrange to allow probe jumping. It is not 

necessary to break the network structure as long as cl a . It is 

also to be noted that the ~ pN forces applied in this study are 

not enough to break the actin filaments or the HMM crosslinks. 

When the distance between nearest crosslinks ln is sufficiently 

smaller than the particle size 2a, the force applied through the 

particle induces a nonlinear response of the network and 

relaxation of the sample [30,39-42]. In our study, where the 
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distance between nearest crosslinks ln is comparable to the 

particle size, when the force applied to the particles is increased, 

the fluctuations of the particles do not decrease in any 

frequency range (Fig. 2b), suggesting that the particles 

stochastically transition to the next potential without applying 

enough force for the filaments to exhibit a nonlinear response 

(Fig. 3g). 

It has been reported that probe particles in dilute ( a : ) 

and non-crosslinked F-actin networks jump intermittently and 

spontaneously in the absence of any external force [6,22]. Such 

thermal jumps also showed non-Gaussian dynamics with side 

tails in the van Hove distributions. However, the waiting-time 

distribution of the thermal jumping followed a power-law 

function, wtd ( ) 1P t t  (1 2  ) [6,22], in contrast to the 

forced jumps observed in this study. It was reported that the 

observed power-law distribution is consistent with the 

theoretical model for anomalous diffusion: a continuous time 

random walk (CTRW) whose waiting times have a distribution 

with a power-law decaying tail [43]. Bouchaud’s trap model 

[44-46] links the power-law distribution of waiting times to the 

heterogeneity of microenvironments, leading to sub-diffusion. 

In the widely-accepted phenomenological theory, glassy 

dynamics are attributed to the probability density of 

microenvironments ( )E  having a potential depth E [44]. For 

instance, in the case of non-crosslinked gels used in the prior 

study [6,22], the energy landscape should contain small basins 

whose depth is broadly distributed. The probe particle was 

temporarily trapped in such basins. Since thermal probes free 

from forcing are trapped longer in deeper potentials following 

Boltzmann’s statistics, a power-law distribution of waiting 

times wtd ( )P t  was observed. These prior reports, both 

experiments and theories, thus indicate the presence of 

mechanically heterogeneous microenvironments that 

frequently show up in soft glassy materials [6,22,47].  

On the other hand, when a probe particle in a cytoskeletal 

network was subjected to an optical-trapping force, wtd ( )P t  

showed an exponential decay which is typical of Poisson-

Markov jumps. Such dynamics characterized by a single 

relaxation time indicate that the potential depths provided by 

different microenvironments are narrowly distributed.  In the 

sparsely crosslinked actin gels prepared in this study, we 

expect that crosslinks would create global wells which are 

much deeper than Bk T , in addition to the small subbasins as 

shown in Fig. 3g. Because nl a , we believe that many 

crosslinks are involved in forming the global well (Fig. 3f). A 

probe particle needs to squeeze out from many crosslinks 

encircling it to hop to the neighboring microenvironment. 

From the statistical reason, it is reasonable to expect that the 

threshold energy (depth of the global potential) may not be 

broadly distributed (Fig. 3g). Note that the external force 

effectively decreases the potential E by a margin much larger 

than the thermal energy (FΔx >> kBT). Under such strong 

forcing, small or intermediate sub-basins in the energy 

landscape will no longer trap the probe beads (Fig. 3g).  

 

VI CONCLUSION 

In this study, we investigated the fluctuating dynamics of 

colloidal particles transported in crosslinked F-actin gels under 

the application of the optical-trapping force. By forcing beyond 

its linear response regime, not only the direct response to the 

force but the stochastic fluctuation was also produced. The 

purely stochastic fluctuation was measured while applying an 

optical-trapping force to the probe particle. In order to conduct 

this nonlinear PMR experiment, a well-controlled constant 

force was applied to a probe particle by the rapid feedback 

control of the trapping laser (force feedback). Another 

feedback control, the stage-feedback [27], was also performed 

to track vigorously-fluctuating particles at large distances.  

With this dual feedback technique, well-controlled 

constant forces were applied to probe particles embedded in 

sparsely crosslinked F-actin networks. Within the linear 

forcing regime, the probe particle was confined in cage-like 

microenvironments provided by the sparse crosslink of the gel. 

The fluctuation under this condition was Gaussian, implying 

that the continuum assumption seems to work as far as a linear 

response is concerned. Forcing beyond the linear regime, we 

observed the jumping of the probe particle to a neighboring 

cage, indicating the presence of heterogeneous 

microenvironments. In prior studies, thermal jumping has been 

observed in similar F-actin networks and other soft materials 

[6,22,23,48]. The durations for the thermal jumping (waiting 

times in each site) typically showed power-law distribution, 

which leads to the sub-diffusive dynamics of probe particles. 

This power-law distribution of waiting times indicated the 

presence of heterogeneous microenvironments. On the other 

hand, the jumping of a forced probe was found to follow 

Markov step dynamics in this study. This observation indicates 

that the energy landscape for the activation of forced jumping 

is homogeneous. We discussed how the dynamics under 

nonlinear forcing could become homogeneous even if 

microenvironments are considered heterogeneous.  

In living cells, various organelles and vesicles are 

transported within the meshwork of cytoskeletons by force 

generated by, e.g., molecular motors. Therefore, the fluctuation 

in the cytoskeleton under linear and nonlinear forcing relates 

to the mechanism of intracellular transportation. As we found 

in this study, the dynamics of the non-thermal fluctuation 

induced under nonlinear forcing qualitatively differ from those 

under linear forcing. Note that living organisms are mostly 

made of soft materials, and the soft materials (including F-actin 

used here) are typically driven beyond the linear response 

regime by forces with physiologically relevant magnitude (pN 
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~ nN). Owing to the nonlinearity, motor-generated forces 

profoundly modulate the mechanics of living systems, as 

observed in vitro [16,49] and in vivo [27,50]. Understanding 

the dynamics under nonlinear forcing is thus the key to 

elucidating the physical process of intracellular transportation 

[50,51]. The experiment presented here demonstrated the 

potential of nonlinear PMR using our dual-feedback 

technology by specifically revealing that homogeneous 

dynamics emerge under nonlinear forcing.  
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APPENDIX A: THE SENSITIVITY AND OFFSET 

ERROR IN BFPI SIGNAL DEPEND ON THE LASER 

FOCUS POSITION 

In the case of force-feedback MR using a single AOD-

controlled laser, the laser could move away from the optical 

axis during an experiment. Then, the sensitivity 1/Cd and 

offset-error voltage in QPD output V0 may vary. Therefore, we 

measured 1/Cd and V0 as a function of the laser deflection by 

AOD and estimated the errors that may appear during 

feedback-MR experiments. 

Melamine particles with a diameter of 1 µm were trapped in 

water, and the focus position of the laser was oscillated by 

AOD as AOD L( ) i tu At e u  , with A = 71.5 nm and 

2  10 kHz   . Lu  is the average distance of the laser focus 

from the optical axis (Fig. 4a). During the experiment, the 

probe particle was trapped at the position Lu  because the 

oscillation of the laser was much faster than the response time 

of the probe ( pc 0 / 7.7 msk  ; ). Here, 0  is the friction 

constant of the probe particle and pk is the trap stiffness of the 

probe laser. The separation du  between the laser focus and the 

probe center was oscillated sinusoidally as d
i tAeu  . By 

measuring the QPD output voltage 

L d L 0 L( ; ) ( ) ( )i tV t u A C u e V u   with the lock-in amplifier, 

the sensitivity 1/Cd [V/m] was obtained as the ratio between 

the oscillation amplitudes of AOD ( )u t  and L( ; )V t u . The offset 

of the QPD output 0 L( )V u  was obtained by taking the time 

average of the QPD output, L0 L (( )) ;V tV uu  . 

In Fig. 4b, the red circles and blue open triangles represent the 

sensitivity (1/Cd) and the offset ( 0V ), respectively. When Lu  

was increased, the sensitivity 1/Cd tended to decrease, and the 

offset error 0V  arose. The laser deflection by the AOD is 

certified up to 45 mrad by the manufacturer, which corresponds 

to L10 μm    25 μmu    in our setup. Within the range, 

1/Cd varied more than 10% and 0V  exceeded 1 V at large Lu

. When calibrated, 0 ~ 1 VV  corresponds to more than 100 

nm. BFPI accurately measures the probe displacement when 

the probe laser is fixed. When the probe laser was moved more 

 

FIG. 4. (a) A schematic illustration of the experiment to 

evaluate the dependence of sensitivity 1/Cd and offset error 

V0 on the focus position ( Lu ). The melamine particle with 

a diameter of 1 µm was dispersed in water, and trapped by 

the oscillating laser ( 1064  nm). By analyzing the QPD 

output, 1/Cd and V0 were obtained as a function of Lu . (b) 

Dependence of 1/Cd (red circles) and V0 (blue open 

triangles) on Lu . 1/Cd decreased and V0 increased when the 

position of the laser focus was deviated from the center of 

the optical axis. At the largest Lu  in this measurement ( Lu

= 28.6 µm), V0 ≃ 1.3 V corresponded to 0.2 µm when 

calibrated. The position with the highest sensitivity was 

shifted from the center of the optical axis probably because 

the center of the operating range of the AOD-controlled 

laser did not match the optical axis.  
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than 10 μm, 1/Cd and 0V  commonly alter by the amount 

similar to those observed here. The accuracy of particle 

tracking during the force feedback thus depends on the 

movement of the probe laser that follows the probe fluctuation. 

When a probe particle fluctuates vigorously, dual-feedback 

technique should be used to keep the laser movement within a 

certain limit that should be determined by the accuracy 

required for the measurement. Because the feedback-

controlled stage tracks the slow and large movement of the 

probe particle, the AOD-controlled laser is kept close to the 

optical axis. Therefore, the dual-feedback technique is 

necessary to perform BFPI accurately when a probe particle 

vigorously fluctuates or drifts in samples driven out of 

equilibrium.
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