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The major cytoskeletal protein actin forms complex networks to provide structural support and perform
vital functions in cells. In vitro studies have revealed that the structure of the higher-order actin network
is determined primarily by the type of actin binding protein (ABP). By comparison, there are far fewer
studies about the role of the mechanical environment for the organization of the actin network. In par-
ticular, the duration over which cells reorganize their shape in response to functional demands is rela-
tively short compared to the in vitro protein polymerization time, suggesting that such changes can
influence the actin network formation. We hypothesize that mechanical flows in the cytoplasm generated
by exogenous and endogenous stimulation play a key role in the spatiotemporal regulation of the actin
architecture. To mimic cytoplasmic streaming, we generated a circulating flow using surface acoustic
wave in a microfluidic channel and investigated its effect on the formation of networks by actin and
ABPs. We found that the mechanical flow affected the orientation and thickness of actin bundles, depend-
ing on the type and concentration of ABPs. Our computational model shows that the extent of alignment
and thickness of actin bundle are determined by the balance between flow-induced drag forces and the
tendency of ABPs to crosslink actin filaments at given angles. These results suggest that local intracellular
flows can affect the assembly dynamics and morphology of the actin cytoskeleton.

Statement of Significance

Spatiotemporal regulation of actin cytoskeleton structure is essential in many cellular functions. It has
been shown that mechanical cues including an applied force and geometric boundary can alter the struc-
tural characteristics of actin network. However, even though the cytoplasm accounts for a large portion of
the cell volume, the effect of the cytoplasmic streaming flow produced during cell dynamics on actin net-
work organization has not been reported. In this study, we demonstrated that the mechanical flow
exerted during actin network organization play an important role in determining the orientation and
dimension of actin bundle network. Our result will be beneficial in understanding the mechanism of
the actin network reorganization occurred during physiological and pathological processes.

� 2019 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

As one of the most abundant proteins in eukaryotic cells, the
actin provides cells with mechanical integrity and carries out mul-
tifarious functions. Monomeric actins polymerize into filaments
and further organize into higher-order structures with diverse
morphologies [1]. Actin filaments anchored to the plasma mem-
brane form the underlying cortex [2]. Bundles of F-actin (filamen-
tous actin) of varying thicknesses are observed in stress fibers,
filopodia, microvilli [3], and lamellipodia [4]. F-actin and myosin-
II assemble into a contractile ring that carries out cytokinesis [5].

Organization of the actin cytoskeleton is primarily mediated by
actin binding proteins (ABPs) [3,6–10]. With size ranging from
5 kDa to 3816 kDa, each ABP can confer specific structural charac-
teristics to the network [6,11,12]. Yet, there must be additional fac-
tors. For example, deterioration of the morphology of microvilli is
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not significant in ABP villin-knockout mice [13]. Similarly, actin
stress fibers have been observed even after knockdown of the
actin-bundling ABP, a-actinin [14]. These indicate that additional
factors may play a role in regulating the actin cytoskeleton.
Although physical constraints, such as the nucleation site of actin
[15] and confinement of the actin network [16], and chemical poly-
merization conditions [17,18] were found to be important, mecha-
nisms by which cells rapidly modulate the cytoskeletal
architectures have yet to be elucidated [15,19].

Recent studies suggest that exogenous and endogenous
mechanical stimuli can spatio-temporally regulate the structure
of the actin network. For example, shear stress leads to stress-
softening [20] or cyclic hardening [21]. Mechanical force generated
by myosin motors causes local aggregation of actin filaments,
buckling, and alignment of the actin network [22–26]. It has also
been suggested that the cytoplasm acts like a poroelastic material
[27] through which intracellular fluid can flow. Intracellular flow
arises from a number of sources, such as cell migration [28,29]
and cytokinesis [30] and reaches up to 100 lm/s [31]. Intracellular
flow also occurs via stress relaxation under mechanical and chem-
ical deformation of cells [32]. It can lead to protein conformational
changes [33] and can regulate the kinetics and dynamics of actin
[34,35]. Flow-induced shear stress also affects the affinity of ABPs
to actin [36]. These findings suggest that intracellular flow can
influence the organization of the actin cytoskeleton, which, to
our knowledge, has not been investigated.

To systemically study the role of mechanical flow, we use recon-
stituted actin networks containing either of two representative
ABPs: a-actinin, which tends to generate actin bundles [37], and fil-
amin, which crosslinks actin filaments at an angle and tends to gen-
erate a meshwork-like structure [38]. As a proxy of intracellular
flow, amicrofluidic circulationwas generated by employing the sur-
face acoustic wave (SAW) technique [39]. We demonstrate that the
actin networks formed with a-actinin and filamin respond differ-
ently to flow in terms of the network structure and degree of bund-
ling. For a–actinin/actin, flow causes bundles to form and align
more rapidly while the bundle thickness remains similar to the case
without flow. In contrast, flow promotes thickening of the bundles
in the filamin/actin system depending on their relative concentra-
tions. We developed a computational model that captures the
essential aspects of the experiments, where distinct crosslinking
properties and geometries of two ABPs – a-actinin and filamin –
modulate the effect of flowon the organization of the actin network.
Present results suggest that intracellular flow can play a significant
physical role in shaping the architecture of actin networks.
2. Materials and Methods

2.1. Fabrication of the SAW device

To generate SAW, interdigital transducers (IDTs) with a thick-
ness of 100 nm were fabricated via photolithography on a 128�
XY lithium niobate (LiNbO3) piezoelectric substrate. The IDTs had
35-finger pairs, each with a length of 1.5 mm and a gap width of
70 lm. This design produced SAW with 280-lm wavelength. The
center frequency of the SAW device was near 14 MHz, as measured
by a network analyzer (8753C, Hewlett Packard, Palo Alto, CA, USA).
2.2. Flow generation in a microchamber using SAW

A microchamber with dimensions of 2 � 18 � 0.2 mm
(width � length � height) was prepared by attaching two strips
of double-sided tape in parallel on a 24 � 40 mm coverglass. The
top of the microchamber was covered with an 18 � 18 mm cover-
glass. The microchamber was then placed on polydimethylsiloxane
spacers with a thickness of 100 lm, which were attached to a
piezoelectric substrate in the SAW device. The coupling liquid
(deionized water) was injected into the 100-lm space between
the microchamber and the SAW substrate. A radio frequency (RF)
signal applied to the IDTs was generated at 14 MHz using an RF sig-
nal generator (N5181A, Agilent Tech, Santa Clara, USA) and ampli-
fied by a power amplifier (100A250A, Amplifier Research,
Souderton, PA, USA). The SAW generated on the piezoelectric sub-
strate was transferred into the protein solution in the microcham-
ber after passing through the coupling liquid and the coverglass.
The transferred energy induced a pressure field and acoustic
streaming field in the protein solution [40].

2.3. Flow speed characterization

To characterize the SAW-induced flow speed, we used a particle
tracking method with microbeads that were 2 lm in diameter
(Fluospheres� Fluorescent Microspheres, Molecular Probes,
Eugene, OR, USA). Microbeads were diluted in the actin solution
without the polymerization buffer at 0.001% (w/v) to ensure that
individual beads were distinguishable. Movements of microbeads
under flow with different input voltages were captured using an
upright metallurgical microscope (BX60MF5, Olympus, Tokyo,
Japan) equipped with a 5� objective and a CMOS camera (DFK
61AUC02, ImagingSource, Taipei, Taiwan). Movies were analyzed
using MATLAB R2017a software (Mathworks, Natick, MA, USA).

2.4. Reconstituted F-actin networks

Lyophilized actin monomers and a-actinin, both purified from
rabbit skeletal muscle, were purchased from Cytoskeleton, Inc,
Denver, CO, USA. Recombinant filamin-A was purified from Sf9 cell
lysates as previously described [41]. Actin monomer stocks were
diluted in general actin buffer (5 mM Tris-HCl, 0.2 mM CaCl2,
0.01% (w/v) NaN3, 0.2 mM ATP, pH 8.0) and incubated on ice for
2 h. ABPs were also diluted in the general actin buffer. The ABP
solution was mixed with Alexa Fluor 532 Phalloidin (Invitrogen,
Carlsbad, CA, USA), which fluorescently labels actin filaments.
The molar concentration of Phalloidin was one-tenth of that of
actin monomers to minimize the Phalloidin-induced perturbation
of actin networks. The actin polymerization buffer (50 mM Tris-
HCl, 500 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 5 mM ATP, 0.01%
(w/v) NaN3, pH 7.5) was used to dilute the phalloidin-labeled
ABP solution by 10-fold. Finally, the G-actin solution was mixed
with the prepared solution to initiate polymerization. The final
concentrations were 5 and 10 lM for G-actin, 0.5, 1, 2, 2.5 and
5 lM for a-actinin and 0.1, 0.25, 0.5 and 1 lM for filamin. The con-
centrations of actin and ABPs were similar to those found in cells
[42–46]. The volume of the actin polymerization buffer was one-
tenth of the volume of the mixed solution. The mixed solution
was gently pipetted and transferred into the chamber. The
microchamber was sealed with vacuum grease to prevent sample
drying. Actin polymerization occurs in the presence of mechanical
flow applied by the SAW. To see if the staining using phalloidin
affects our experimental results, we performed an experiment
using a fluorescent dye-conjugated actin. The dye-conjugated actin
network exhibited the similar actin alignment by flow compared to
the actin networks obtained using phalloidin (Fig. S1).

2.5. Optical imaging and image processing

A laser scanning confocal microscope (LSM 510 META, Carl
Zeiss, Oberkochen, Baden-Württemberg, Germany) with a 20�
objective and a 40� water immersion objective was used to
acquire fluorescent images of the actin networks. It was difficult
to obtain in situ images of actin network formation due to the com-



Fig. 1. Generation of the flow mimicking cytoplasmic streaming in a confined
chamber. (A) Experimental scheme. (B) Flow velocity of actin solution at various
actin concentrations in the center region of microfluidic chamber at different input
voltages. N = 9 for each.
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plexity of the SAW device and limited scanning rate of the confocal
microscope. Instead, we obtained the image of actin network after
polymerization was completed. All images were taken after 1 h of
polymerization in the center of the chamber to minimize boundary
effects. A total of 51 image stacks separated vertically by 200 nm
were projected to visualize the entire bundle networks. The degree
of alignment of the actin bundles was quantified by applying a 2-
dimensional Fast Fourier Transform (2D FFT) that has been used
to analyze the alignment of collagen fibers [47]. First, the images
were converted into grayscale images, and 2D FFT was applied
using the NIH Image J version 1.51t [48]. Using the ‘Oval profile’
plugin [49] in ImageJ, the sum of pixel intensities along a straight
line from the center of the FFT image at a given orientation from 0�
to 180� was obtained. The peak angle of the intensity distribution
was re-centered to 0�, and the distribution was normalized to yield
a unit area. The area d of the normalized intensity distribution
within ±20 degrees around the peak was calculated. For a random
uniform distribution, area d was 40/180 = 0.22. The alignment
index (AI) was defined as the ratio d/0.22. An AI value of 1 indicates
an isotropic distribution of actin bundles, and as actin bundles are
increasingly aligned in one direction, the AI approaches the maxi-
mum value of 4.5 (=1/0.22).

2.6. Bundle thickness measurement

Actin structures were attached to the coverslip surface using
the method reported by Nakao et al. [50]. After washing the sample
with DI water 3 times, we used a 3D laser scanning microscope
(VK-X100, Keyence, Neu-Isenbuerg, Germany) to acquire surface
profile images. The thickness of the actin bundle was estimated
from the height difference between a given peak and the average
of the two valley points around it. As a test, we estimated the thick-
ness of a single actin filament and compared it with that measured
by TEM (Transmission Electron Microscopy).

2.7. Computational model of actin network formation under
mechanical flow

Using a kinetic model developed to consider actin nucleation,
polymerization, and depolymerization by Falzone et al. [51], length
of actin filament varies with time as followed:

L tð Þ ¼ 4=50� tð Þ lm t � 50sð Þ
4 lm t > 50sð Þ

�

where L is length of actin filament and t is time in second.
An actin filament was modeled as a rigid rod [26,52]. Actin and

ABP were randomly placed in a finite two-dimensional space hav-
ing periodic boundary condition [52]. We considered two types of
ABPs: bundling ABP a-actinin and crosslinking ABP filamin.

ABPs bind to and detach from the intersection between two
actin filaments or bundles with binding and unbinding probabili-
ties of pb ¼ konCABPDt and punb ¼ koffDt, respectively [53], with the
association (dissociation) rate constant kon (koff ), ABP concentration
CABP , and simulation time step Dt. If both the angle between two fil-
aments and their center-to-center distance are smaller than the
threshold values, the filaments form a bundle with probability pb.
At bundling, two actin filaments become an actin bundle with
the thickness equal to the sum of the thickness of the two parent
filaments. Dissociation of actin bundle into single filaments is not
allowed because it is highly unlikely for ABPs to unbind simultane-
ously from the bundle.

ABP bound at an intersection acts as a torsional spring which

generates a torque Tcross ¼ �kT hij � heq
� �cez (kT: torsional stiffness,

heq: equilibrium angle of the ABP, hij: angle between two filaments
i and j, and cez : unit vector perpendicular to the 2D simulation
domain).

An actin filament of length L and thickness H in a fluid with vis-
cosity l and temperature T undergoes translational and rotational
Brownian motion with diffusion coefficients of Dk ¼ kBT=nk,
D? ¼ kBT=n? and Dr ¼ kBT=nr for longitudinal and transverse trans-
lation, and rotation of the filaments (kB: Boltzmann’s constant),
respectively [54]. The drag coefficients for longitudinal, transverse,
and rotational motion are nk ¼ 2plL= ln L=Hð Þ � 0:20ð Þ, n? ¼
4plL= ln L=Hð Þ þ 0:84ð Þ, and nr ¼ pl=3ð Þ � L3= ln L=Hð Þ � 0:66ð Þ

� �
,

respectively [55]. The corresponding mean square displacement
or angle is 2DkDt, 4D?Dt, and 4DrDt for the longitudinal, transverse
translation and rotation, respectively [56]. Actin filaments are set
to move (rotate) with a displacement (angle) equal to the square
root of the mean square displacement (angle) times the random
probability between �1 and 1.

Flow causes a longitudinal and transverse drag force
Fdrag;k ¼ nk vf low;k � vf ilament;k

� �
and Fdrag;? ¼ n? vf low;? � vf ilament;?

� �
(vf low;k, vf low;?, vf ilament;k, and vf ilament;?: longitudinal and transverse
velocity of flow and filament, as obtained by decomposing the
velocity into respective directions relative to the orientation of
the filament at each simulation step). In the overdamping limit,
we neglected the inertia effect [57,58] so that the velocity of the
actin filament is the same as the flow velocity.

A single actin filament under a simple shear flow rotates with

an angular speed _h ¼ vf low

�� ��=h� sin2 h� hflow
� �

[35] (hflow: direction
of flow, h: direction of the filament, and h: half of the channel
height). When actin filaments i and j are crosslinked, the drag force
generates a torque Tf low ¼ rij � Fdrag

� �
at the intersection where rij

is the vector from the center of the filament i to the intersection of
filament i and j. Torques on the actin filament should be balanced
as �nr _hþ Tcross þ Tf low ¼ 0 [26,59]. The location and angle of fila-
ments at time t + Dt were calculated by using Euler integration
[60–62]. Parameters utilized in the simulation are summarized in
Table S1.

2.8. Statistical analysis

Data are presented as the mean ± standard deviation. Statistical
significance was evaluated using unpaired Student’s t-test.
3. Results

3.1. Effect of mechanical flow on actin networks architectures

The speed of mechanical flow generated by SAW (Fig. 1A) was
in the range of 0 � 25 lm/s at 5 lM actin, which is comparable
to the speed of cytoplasmic streaming [31,63–66] (Fig. 1B). We
polymerized actin network subject to mechanical flow for an hour



Fig. 3. Dependence of the a-actinin/actin network architecture on the ABP
concentration with and without mechanical flow. (A) Confocal images of 5 lM
actin and various concentrations of a-actinin (Ca). Flow speed for bottom rows is
25 lm/s. Scale bars: 30 lm. (B) AI corresponding to experiments in (A). N = 3 for
each. Error bars represent one standard deviation. (Student’s t-test, *p < 0.1,
**p < 0.01 versus No Flow group).
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and visualized using confocal microscopy. Images were taken at
the center region of the chamber where flow is unidirectional. In
the absence of flow, a-actinin/actin (1 lM a-actinin and 5 lM
actin) formed a homogeneous network with relatively short actin
bundles (Fig. 2A). Flow caused a-actinin/actin bundles to align.
The degree of alignment increased with flow (Fig. 2A). By contrast,
flow-induced alignment was less prominent for the filamin/actin
network (0.5 lM filamin and 5 lM actin), and broken networks
of actin bundles formed instead (Fig. 2B). Higher susceptibility of
the a-actinin/actin network to align under flow could also be seen
via quantification using the alignment index (AI) [47] (Fig. 2C).

We investigated the effect of ABP concentration on the actin
network alignment (Fig. 3A). For a-actinin/actin without flow, AI
increased slightly with increasing a-actinin concentration, which
is likely due to the formation of elongated clusters. With flow, AI
was higher at a-actinin concentrations of 1 lM and above
(Fig. 3B). Comparable levels of AI at 1 and 2.5 lM a-actinin may
be due to extensive crosslinking that leads to rapid formation of
actin networks and impedes rotation of individual bundles. For
the filamin/actin system without flow, some actin bundles were
observed at 0.25 lM filamin (Fig. 4A). Although thicker bundles
formed at higher filamin concentrations, the network was less uni-
form compared to the a-actinin/actin network. Unlike the a-
actinin/actin case, flow did not increase the level of alignment, as
revealed by the AI (Fig. 4B). The filamin/actin network was also
non-uniform and disconnected, similar to the case without flow.
We also investigated the effect of flow on the alignment at a higher
actin concentration, 10 lM, while varying the concentration of a-
actinin (Fig. S2). Flow enhanced alignment at low and intermediate
a-actinin concentrations. But when both actin and ABP concentra-
tions were high, aggregates of thick bundles formed independent
of flow, which is again consistent with the rapid formation of an
immobile network. These suggest that the effect of flow depends
on the kinetics of actin polymerization, ABP crosslinking, and actin
filament bundling.
3.2. Effect of mechanical flow on the bundle thickness within actin
networks

We further studied the effect of flow on the bundle thickness.
To assess the resolution of our technique, we first measured the
thickness of a single actin filament, which was 10.8 ± 3.0 nm
(N = 48) similar to the estimate from TEM (Fig. 5A–D). We then
compared the thickness of bundles formed at various flow speeds.
Actin bundles formed with a-actinin at different flow speeds had
similar height profiles (Fig. 5E–G). In contrast, networks formed
Fig. 2. Effect of mechanical flow on the architecture of crosslinked actin networks. (A, B) C
a-actinin/5 lM actin and (B) 0.5 lM filamin/5 lM actin. A direction of flow is to the righ
actinin/5 lM actin and 0.5 lM filamin/5 lM actin, versus flow speeds. N = 3 for each. Er
with filamin had heights increasing with the flow speed
(Fig. 5H–J). Quantitative analysis for bundles formed at various
ABP concentrations at a given actin concentration found that the
thickness increased with concentration independent of the pres-
ence of flow for a-actinin (Fig. 6A), similar to the thickening of
bundles with the a-actinin concentration in the absence of flow
[67–69]. For filamin, the bundle thickness with flow was estimated
to be higher at filamin concentrations smaller than 0.1 times the
concentration Ca below which no bundle was observed with no
flow (Fig. 6B). It indicates that an applied flow reduces the ‘critical
concentration’ of filamin above which actin bundles rather than
orthogonal networks form [38]. Taken together, the flow facilitates
alignment without affecting the bundling for a-actinin while it
promotes bundling for filamin. Our result is physically intuitive
considering the characteristics of these ABPs. Since a-actinin bun-
onfocal images (projections of 51 image stacks spanning 10 lm in height). (A) 1 lM
t and the flow speed is marked in each panel. Scale bars: 30 lm. (C) AI for 1 lM a-
ror bars represent one standard deviation.



Fig. 4. Dependence of the filamin/actin network architecture on the ABP concen-
tration with and without mechanical flow. (A) Confocal images of 5 lM actin and
various concentrations of filamin (Cf). Flow speed for bottom rows is 25 lm/s. Scale
bars: 30 lm. (B) AI corresponding to experiments in (A). N = 3 for each. Error bars
represent one standard deviation.

Fig. 6. Thickness of actin bundles at 5 lM organized with various molar ratios of
ABP to actin with and without mechanical flow for (A) a-actinin (Ca/Ca) and (B)
filamin (Cf/Ca). Ca, Cf, and Ca are the concentration of a-actinin, filamin, and actin,
respectively. Flow speed was 25 lm/s. Numbers above data points represent
sample sizes for cases without and with the flow. Error bars represent one standard
deviation.
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dles the actin filaments, the primary effect of flow is to promote
alignment. On the other hand, since filamin tends to make orthog-
onal crosslinks, flow can enhance bundling.
3.3. Computational model of actin network formation under
mechanical flow

To semi-quantitatively elucidate the effect of the applied flow
on the organization of the actin network, we developed a stochas-
tic simulation in 2-dimensions that incorporates minimal features
of the ABP/actin system (see Methods). Our model assumes that
ABPs bind at every intersection between filaments, and drive their
angles to decrease/increase for the bundling/crosslinking ABP,
Fig. 5. Effect of mechanical flow on the thickness of actin bundle. (A) TEM image (scal
filaments. (C) Height distribution of the A-A’ line in panel (B). (D) Scatter plot of the thick
distributions of the lines in the 3D images, and scatter plot of the corresponding bundle th
I, J) networks polymerized under various flow speeds. The number above data points re
respectively (Fig. 7A). Bundling between filaments occurs when
they are nearly parallel, and the distance between the centers of
the filaments is smaller than the size of an ABP, which is 30 nm
and 110 nm for the bundling and crosslinking ABP, respectively.
Upon formation of a bundle, it is treated as a single filament with
an increased thickness.

Flow causes filaments to rotate and translate. Isolated filaments
rotate about the center of mass, while crosslinked filaments rotate
about the crosslinking points. For the bundling ABP, since it
reaches mechanical equilibrium when filaments are parallel,
flow-induced alignment helps with rapid bundling (Fig. 7B, left).
In contrast, the crosslinking ABP’s tendency to make filaments
orthogonal to each other competes with flow-induced alignment.
As a result, the flow hinders the formation of orthogonal crosslinks
(Fig. 7B, right).
e bar: 30 nm) and (B) 3D laser microscopy image (scale bar: 5 lm) of single actin
ness of single actin filaments. 3D laser microscopy images (scale bars: 5 lm), height
ickness for 0.5 lM a-actinin/5 lM actin (E, F, G) and 0.25 lMfilamin/5 lM actin (H,
presents sample size for each condition.



Fig. 7. Computer simulation of crosslinking of actin filaments by ABP. (A) Schematic
description of the model. (B) The average angle between 4 lm filaments in
simulations with bundling and crosslinking ABPs.
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At the beginning of simulation, actin filaments grow in length
until they reach the steady-state length, 4 lm. During the initial
growth phase (before 10 s), actin filaments did not interact with
each other because they were short. Crosslinking or bundling
occurred mostly when actin filaments became long enough to con-
tact each other (Fig. 8A).

In the absence of flow, the simulation system with the bundling
ABP formed isotropically distributed filaments, whereas orthogo-
nal networks formed in the case with crosslinking ABP (Fig. 8A).
Flow resulted in the alignment of bundles for both types of ABPs.
For the crosslinking ABP, flow-induced alignment occurred more
slowly and less extensively compared to the bundling ABP
(Fig. 8A). Time-dependent changes in AI confirmed faster and more
extensive alignment for the case with the bundling ABP (Fig. 8B). In
Fig. 8. Computer simulation of flow-induced bundling of actin filaments. (A) Time
evolution of the networks crosslinked by bundling and crosslinking ABPs, with and
without a strong flow. (B) AI versus the simulation time steps. (C) Distribution of
the bundle thickness for the case with bundling and crosslinking ABPs. The molar
ratios of ABP to actin for bundling ABP (Cbundling/Ca) and crosslinking ABP
(Ccrosslinking/Ca) were 0.2 and 0.1 for (B) and 0.1 and 0.05 for (C), respectively.
Cbundling, Ccrosslinking, and Ca are the concentration of bundling ABP, crosslinking ABP,
and actin, respectively.
addition, we investigated how actin nucleation and ABP binding
kinetics affect actin network organization subject to flow
(Figs. S3 and S4). Our results found that those effects were not sig-
nificant in terms of actin filament alignment, suggesting that the
flow effect was more dominant in our given condition. Further-
more, flow reduces the probability of forming thick bundles in
a-actinin/actin networks, since the alignment of small bundles
make them spatially separated so that further bundling becomes
difficult. In contrast, thicker bundles formed in filamin/actin net-
works when flow was applied (Fig. 8C). This is because crosslinking
at a larger angle allows filaments over a greater area to be
connected and bundled by flow. We also investigated the effect of
ABP concentration on the formation of actin network subject to flow.
For the bundling ABP, there was not a significant change in the flow-
dependent formation of actin bundles (Fig. S5A). For crosslinking
ABP, the flow did not promote actin filament bundling when the
ABP concentration increased, as in our experiment (Fig. S5B).
4. Discussion

Similar to our work in vitro, mechanical flow likely affects the
organization of the actin cytoskeleton in cells. The critical flow
speed at which an extensive alignment of actin network was
observed is approximately 7 lm/s (Fig. 2C). In comparison, the
cytoplasmic flow in animal cells in vivo is in the range of
0.1 � 1 lm/s [28,70]. However, the viscosity of the cytoplasm is
10- to 300-fold higher than that of the aqueous solution in our
in vitro experiments [58,71,72]. Drag force on actin due to cyto-
plasmic flow should thus be comparable to or even higher than
that of our experiment. We estimate the shear stress in our
microfluidic chamber as follows. Assuming that Poiseuille flow is
established in the channel, the flow velocity exhibits a parabolic
profile. Near the wall of the channel, actin filament would experi-
ence shear stress of 0.045 pN/lm2 (Fig. S6A), which is indeed com-
parable to 0.01–6 pN/lm2 as previously measured in cells [73]. To
further study the effect of higher viscosity of the cytoplasm, we
performed an experiment with a 70 kDa dextran added to the actin
solution [74,75]. In this case, actin filaments were aligned at a
lower speed (1 lm/s) (Fig. S7A). From the computational analysis,
we also observed that the alignment index of actin network with
bundling ABP is increased by the fluid viscosity at low flow speed
(Fig. S7B).

Our computational model revealed the mechanism by which
the applied flow influences actin bundling and network formation
by regulating the orientation and ultimately cross-linking of actin
filaments. But we also note certain limitations of our model in rep-
resenting properties of actin and ABP. Since the bending rigidity of
actin filament [11] is 10�26 Nm2, the applied flow can cause not
only rotational displacement but bending of long actin filament.
The bending motion will assist encounter between filaments in
the semi-dilute or concentrated conditions [76], which may accel-
erate the actin network formation. However, lengths of actin fila-
ments in cells are under 1 lm [77,78], which is much smaller
than their persistence length (17 lm) [79]. Persistence lengths of
actin bundles will be even longer, and the tensile stress on the
actin filament by the actomyosin machinery [8] can increase resis-
tance to bending. Thus, treating actin filaments as rigid rods in our
computational model is a reasonable first-hand approximation.

The interaction between actin and ABP, including dissociation
constant and torsional stiffness, depends on applied force and load-
ing rate [80,81]. A critical shear strain at which binding affinity of
filamin to b-integrin or FilGAP (filamin A binding RhoGTPase-
activating protein) was altered was 28% [82]. The maximum
moment produced by flow on a single actin filament in our exper-
imental condition is approximately 2.38 � 10�20 Nm (Fig. S6B),
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which is enough to exert shear strain greater than the critical
value. A single molecule assay showed that filamin/actin and a-
actinin/actin complexes ruptured at the pulling force of 40–
80 pN [36,83]. As stress on a crosslink in the actin network can
be increased by its heterogeneous deformation [84] as well as
the shear force applied to the actin filaments, rebinding or unfold-
ing (Fig. S6C) of ABP can occur. Incorporation of these elements in
simulation is a subject of future studies.

Another aspect is the complexity of the cytoplasmic flow. Due
to viscoelastic properties [85], cells can undergo significant
mechanical deformation by exogenous or endogenous mechanical
forces. Transition between sol-like and gel-like states occurring in
organelles lead to dynamic changes of local properties in cells [86].
Cytoplasm is also a non-Newtonian liquid where the viscosity
changes with velocity [87]. Therefore, the magnitude and direction
of the cytoplasmic flow are more complicated compared to the
bi-directional pattern occurred in our experiment [29,65]. The
complexity of the cytoplasmic flow may affect the role of flow on
actin network formation. But within domains where the flow can
be considered relatively uniform, the effects as revealed in the
present study should hold.

Components of cells are also more complicated compared to
those modeled in our study. The cytoplasm consists of many
constituents including types of cytoskeleton filament, organelles,
dissolved molecules and proteins. As for actin binding proteins,
we investigated the effect of flow on the organization of actin bun-
dles in the presence of a-actinin and filamin which prefer parallel
bundling and orthogonal cross-linking of actin filaments, respec-
tively. However, other types of ABPs are present in cells. Severing
ABPs such as gelsolin and cofilin [88] make the length of actin fil-
aments and the distance between intersections of actin network in
cells shorter than those in vitro (Fig. S8) [8,77,89]. Motor proteins
such as myosin produce contractile stress on actin filaments [1].
Arp2/3 complex is a branching ABP that forms a Y-shape crosslink
rather than the X-shape as with filamin [90]. The cytoskeleton in a
cell is surrounded by the cell membrane and ABP talin connects
actin filaments to the transmembrane protein integrin [91]. There-
fore, the effect of flow at the membrane boundary would be differ-
ent compared to regions relatively far from the membrane. The
present study elucidates a simplified scenario, which will help to
understand how flow synergistically affects the organization and
dynamics of actin networks by these ABPs.
5. Conclusion

The present work uses flow generated by surface acoustic wave
in a confined chamber as a proxy of cytoplasmic streaming in the
intracellular environment. Our results suggest that flow is an
important regulator of the crosslinked actin network organization,
where the effect of flow depends on the type and concentration of
ABP. With the bundling ABP a-actinin, flow enhanced mainly
alignment of the actin network, not bundle thickness. Converse
behaviors were observed with the crosslinking ABP filamin, where
flow promoted bundle formation without enhancing alignment,
and it reduced the critical filamin concentration for bundling.
Our computational model elucidates how the structural and
crosslinking properties of ABPs modulate the effect of flow on
the actin bundle network organization. Taken together, the cyto-
plasmic streaming can serve as a regulator for the cytoskeleton
organization as well as facilitate intracellular transport.
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