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Moving while you're stuck: A macroscopic demonstra-
tion of an active system inspired by binding-mediated
transport in biology

Kanghyeon Koo,* Shankar Lalitha Sridhar,® Noel Clark,¢ Franck Vernerey,?* and Loren
Hough¢™

Diffusive motion is typically constrained when particles bind to the medium through which they move.
However, when binding is transient and the medium is made of flexible filaments, each association or
dissociation event produces a stochastic force that can overcome the medium stickiness and enable
motion. This mechanism is amply used by biological systems where the act of balancing binding and
displacement robustly achieves key functionalities, including bacterial locomotion or selective active
filtering in cells. Here we demonstrate the feasibility of making a dynamic system with macroscopic
features, in which analogous binding-mediated motion can be actively driven, precisely tuned, and
conveniently studied. We find an optimal binding affinity and number of binding sites for diffusive
motion, and an inverse relationship between viscosity and diffusivity.

Active biological systems employ intricate and dynamic networks
of flexible polymers to mediate various functionalities in real-
time. Classic examples include the solid-fluid transition of the
cell cytoskeleton in a matter of seconds, the bacterial use of ac-
tive pili fluctuations for locomotion, or the selective transport of
macromolecules through the nuclear pore complex3. For biopoly-
mer networks like alginates, collagen or agarose, the continuous
dissociation and association of cross-linking junctions that bind
polymer chains can produce diverse mechanical responses©.
Despite their stochastic nature and delicate energetics, these bio-
networks produce emergent dynamic phenomena that are strik-
ingly robust, evidence for the hand of evolution in system de-
sign, materials selection, and parameter tuning. Significant ef-
forts have been directed toward using cellular biophysics and bio-
chemical tools to understand and, more broadly emulate, mod-
ify, and apply such behavior in the 1abZ®. This endeavor is hin-
dered by (a) our inability to accurately control and tune indepen-
dent chemical processes, and (b) challenges associated with intro-
ducing targeted and tunable activity in a non-biological system.
Alternatively, active granular materials and tunable mechanical
metamaterials, by utilizing control afforded through larger-scale
components and external driving, offer opportunities to widely
explore novel mechanisms, visualize unexpected behavior, and
build materials with unique functionalities191L, The ability to se-
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lectively introduce activity has made active granular materials a
major subfield of soft matter physics, and we propose that such
an approach can be similarly powerful in this biophysical context.

Here, we present a prototypical design of a macroscopic dy-
namic system that can act as a medium for the transport of macro-
scopic objects, as inspired by the nuclear-pore complex. The sys-
tem includes analogues to flexible filaments that can bind to a
host via transient connections that are powered by active noise.
With precision and control available due to its macroscopic na-
ture, it effectively enables the exploration of the interplay be-
tween geometry, fluctuations, and binding to produce tunable vis-
cosity and motion. Interestingly, while the fluctuation-dissipation
theorem suggests that binding should slow down diffusion1214,
we find that in specific regimes, these events can enhance trans-
port owing to the active nature of the system. Such counterin-
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Fig. 1 (a) The idealization of the diffusive plate model with reversible
binding and unbinding of polymer tethers. (b) The plate diffusion caused
by the thermal fluctuation of the tethers during binding and unbinding
events.
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tuitive emergent behavior is a hallmark of metamaterials, akin
to phononic materials with negative mass> or auxetic structures
with negative Poisson ratios1®. In that light, our system can be
seen as a prototypical subunit for building an active metamaterial
inspired by biological dynamic networksZ,

We concentrate on the physics of polymeric networks that uti-
lize binding rather than collisions to control the diffusion of par-
ticles. A dynamic process of binding and unbinding combined
with the structural reconfiguration of the polymer network en-
ables a form of actively driven facilitated diffusion of arbitrary
particle sizes1819 Some biopolymer networks act as filters, al-
lowing the selective passage of specific molecules by tuning both
particle concentration (via binding affinity) and particle mobility
(via effective diffusion constant)20. Theoretical studies describ-
ing the motion of particles through networks of polymeric binding
sites have typically been developed for the nuclear pore complex
(NPC), where transport factors bind transiently to long, flexible
filaments called FG Nups1821523, 1 these systems the increase in
net rate of transport through the network of particles that do bind
is primarily driven by the motion of the particles while bound to
the network, as motion while free is identical to that of particles
that do not bind2%, As a result, we are particularly interested in
isolating the effects of polymer binding on the particle motion.
The combination of binding site flexibility and rapid binding ki-
netics has two effects on particle motion. First, the polymeric
binding motifs does, at least partially, constrain the motion of
the bound particle?24 in which case the residual motion of the
bound particle can greatly increase the flux of binding particles2C.
In addition, binding is predicted to result in a stochastic driving
force if the polymer binds in an extended conformation'13/25120,
The interplay between constraint and driving is not well under-
stood. Moreover, these effects all occur within a fluid context,
with the fluid providing additional stochastic force that, in the
absence of the polymers, would drive diffusive motion.

To simplify the problem and construct its corresponding exper-
imental analogue, we first sought to determine whether we could
separate the effects of the polymeric system and the surround-
ing fluid. Using an idealized diffusive plate model (Fig. [Th), we
show that this is possible under relevant conditions, as described
in more detail in the theoretical work?Z. These conditions re-
strict the analysis to systems (equilibrium or active) for which the
fluctuation-dissipation theorem holds with an effective tempera-
ture (7, for the chains), so that the effective friction coefficients
are related to the diffusivities by {. = kgT./D. (due to the chain
attachments) and {, = kgT /D, (of the plate due to the surround-
ing fluid), where kp is the Boltzmann constant. We expect the
diffusion constant to be:

$pT +C. T

G+

What remains is to determine {. (or D. ) and T, for the chains
themselves.

D(Na) = kg €3]

Having separated out the contribution of polymer binding from
that of the surrounding media allowed us to focus on the question
of the relative contributions of driving due to binding and unbind-
ing events and restraint from the previously attached tethers. Our
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primary objective is thus to devise a tunable experimental system
which allows us to easily change parameters that are relatively
inaccessible in many biological systems. For instance, is it pos-
sible to create a material system whose transport properties and
effective viscosity can be easily controlled by simply adjusting the
supplied energy? An experimental system demonstrating binding
driven motion and allowing easy tuning of relevant parameters
would enable the rational design of a new generation of active
metamaterials enabling particle transport and segregation based
on geometry, size and properties, and be used as a material whose
stiffness and viscosity can be varied in real time.

In order to experimentally determine the relative contributions
of driving and inhibition due to binding to flexible tethers, we
designed a macroscopic experimental system that incorporates
polymer binding and restoring forces due to binding to extended
chains. Our devised system consists of magnetic particles whose
transient attachment to magnets on the surface of a cylinder
drives the rotational diffusion of the cylinder (Fig. |2} Supplemen-
tal Figure 1). The cylindrical symmetry allows long measurement
times. Our system ignores some properties of 3D polymeric sys-
tems including particle motion being restrained by an inert poly-
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Fig. 2 (a) A macroscopic experimental model system designed to capture
mechanical parameters for diffusion constant. The carousel plays the role
of the plate, and the magnetic particles binding to the carousel act as
the polymers. They are attached via strings (1 <N <6), equally spaced
around the carousel. (b) life-time of attached state(7,) and detached
state(7,) obtained after smoothing processing of electrical or image raw
data of connectivity of tether (bound=1 and free=0) in time, and rotation
angle 6 after image data processing.
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meric network, and entanglement of the polymeric binding sites.

A key criterion for our system to mimic the attachment of mi-
croscopic polymers is that the attachment positions of the mag-
netic heads and the resulting force fluctuations should be sim-
ilar to those in macroscopic systems; that is the motion of the
particles should be fairly random and the binding lifetimes expo-
nentially distributed. In our system, up to six magnetic particles
move because they are attached via a string to a speaker driven by
Gaussian noise. In addition, we attached a weight to each string
about halfway between the speaker attachment point and the par-
ticle. The additional weight reduced correlated motions between
the magnetic particle and the speaker - just as two driven cou-
pled pendula are chaotic. While several parameters in our sys-
tem could be tuned, we focused on the amplitude of the speaker
vibration and the number of strings, N. Varying the speaker am-
plitude changes the amount of energy provided to the systems
which influenced both the binding kinetics and the properties of
the yarn-weight system that are representative of changes in mi-
croscopic polymers. Though, varying the weights on the string
will also have an effect on the width of the Gaussian distribution
and the binding kinetics, those experiments are out of the scope
of this paper.

Our devised system allows us to measure and tune the key pa-
rameters controlling the particle’s motion due to binding of flex-
ible polymers: the number of elastic tethers (1 <N < 6), their
stiffness (measured as the width of the distribution of tether po-
sitions, o by equivalence to Gaussian polymer chains with tem-
perature 7. whose stiffness is given by K = 2kgT./352), the rate
at which free tethers bind to the plate (k,) and the rate at which
bound tethers dissociate (k;), (Fig. [2h). A camera recorded the
position of both the center binding head and the cylinder. The at-
tachment of the magnetic head to one of the cylinder’s magnetic
sites closed a circuit, providing an electrical readout of binding
events. The two measurements were synchronized using images
of LEDs in the electrical circuits. We found that the electrical
signal was fairly noisy, but could easily be smoothed to give a re-
liable measurement of attachment. The noise during times when
the magnetic particle was not bound appeared to be caused by un-
productive collisions between the magnetic head and the copper
strip. The motion of the magnetic head when bound also gave a
noisy electrical signal (yellow lines in Fig. [2b). We smoothed the
electrical signal by assuming that the shortest unbinding events
were Af., = 0.15s, and that the shortest binding events were
Ater, = 0.015s. We confirmed that this smoothing resulted in an
accurate representation of binding events by comparing the elec-
trical signals with videos of the magnetic head’s motion (Fig.
and Supplemental Material Fig. 1b).

From the measurement of both the binding state and the po-
sition of a head, we determined the distribution of lifetimes of
the attached (7,) and detached (z,) states of the tethers (Fig. ,
b) and the position distribution of the head during attachment or
detachments events (Fig. B, d). The binding distributions are
well described by single exponential, and the position of attach-
ment and detachment events follows a Gaussian distribution. We
also note that increasing the number of chains do not significantly
change the binding kinetics (see Table S1 of supplementary in-
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Fig. 3 (a) and (b) Probability histograms of the lifetimes of bound
and free states of the tethers fitted with an exponential distribution of
a Poisson process. (c) and (d) Statistical distribution of the position of
the string, r, and r; during an attachment and detachment event fitted
with a Gaussian distribution. These results are obtained with one tether
(N=1) and medium speaker power (A = 17VAC).

formation). Together, these demonstrate the applicability of this
experimental system to the modeling of microscopic binding in-
teractions.

We measured the effective diffusion constant D of the cylin-
der by tracking its angular position, 6, and calculating the mean
squared angular displacement as a function of time . We placed
markers on the rotating cylinder and used Lagrangian tracking of
markers near the center-line in high frame rate movies (120 FPS).
The mean squared displacement (MSD) was computed as a tem-
poral moving average (62(1)) = 1/(T —1) [§ ~'[6(t —1)—6(t)|?dr ,
where T >> 1 is the total duration of the experiment2822, The
angular diffusion constant D = (1/2)d(6?)/dt was measured by
running 18 different experiments for various combinations of N,
and the speaker amplitude each for a duration of 15 min (data
sets and videos are in the supplemental materials). Plotted are
errors propagated from standard errors of the mean of the mea-
sured parameters, p, k,, and k;. There are additional system-
atic errors arising from the cylinder not being perfectly centered,
variations in the tethers, and any residual forces from collisions
between the magnetic head and cylinder that do not result in
binding. Each data point corresponds to a different amplitude
or number of strings. Together, these gave a good range of ex-
perimental parameters. In any diffusive process, the diffusion
should increase with the size of steps, and decrease with the time
between steps. As 7 decreases, there will be more events each
giving a small kick. Each kick will be larger as o, the width of
attachment positions, increases. In order to isolate the effects of
binding affinity and number of strings, we scaled the diffusion
constant by the typical length scale (o,), and the typical binding
timescale © = 1/(k, + ky), D* = 2D/6?*(k, + k;). What remains in
the scaled diffusion constant are the dependencies on parameters
specific to this system.

We found an optimum in the scaled diffusivity as we varied the
fraction of time that each probe is bound, p = ka/ (ka+kq) (Fig. 4.
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The maximum occurs at lower values of p as N increases. Holding
the number of strings fixed, the measured diffusivity is the lowest
and approaches zero in the extreme scenarios when hardly any
tethers are bound (p — 0), or all tethers are attached (p — 1). In
the first scenario, the plate receives no kicks from the tethers as
none of them bind. As p — 1 and N>1 it is likely that there is
already a string (or more) attached during binding events. The
already-attached strings reduce the motion of the cylinder; the
plate is trapped by being bound.

In contrast, in nearly all other diffuse processes governed by
random kicks, D decreases monotonically with increasing particle
size or viscosity. Here, the diffusion reaches its maximum value at
particular combinations of number N of strings and binding and
unbinding rates, k, and k,. The optimal size and binding kinetics
are given by the dual nature of polymer attachments. On the one
hand, binding events provide the driving force for particle motion.
On the other hand, the higher number of bound particles, the
higher the resistance to motion given by the previously attached
strings. Our results may give insight into the observation of non-
monotonic spreading of small molecules binders to a surface in
the presence of competitors=2,

Given this complex relationship, we sought to determine if
we could understand the behavior of this system from a simple
model of the particle motion. Our modeling efforts began with
the observation that the distance traveled per binding event is
correlated with the displacement of the magnet probe from cen-
ter upon binding (Fig. [dinset). This is exactly as expected for a
microscopic polymeric system, where the polymer would act like
an entropic string and provide a restoring force if it binds in its
extended state (Fig. ). Our model, therefore, includes ran-
dom binding of Hookean springs of spring constant, K, that once
bound exert a force on the plate proportional to the spring exten-
sion. We developed both analytical theory and Monte-Carlo simu-
lations described in the theoretical work?Z. Good agreements are
obtained between theory, experiment and simulation (Fig. [4h) for
an extended range of microscopic parameters. This demonstrates
the robustness of this behavior and the success of the prototypical
design of a subunit to aid the building of an active metamaterial
system.

In separating the diffusive motion due to chain binding and
unbinding from that experienced by particles in microscopic sys-
tems due to the underlying fluid, we assumed that the system
could be well described by a fluctuation-dissipation relation with
an effective temperature. We sought to determine whether such a
relationship could be experimentally tested by performing creep
experiments to measure the resistive drag under an applied load.
In order to apply a constant external torque, we wrapped the axle
of our system with a string and attached the string via a pulley
to a suspended weight (Fig. [5). We drove attachment and de-
tachment events via the speaker as in the passive case(Fig. [5b).
We predict that the angular creep velocity should be given by
®pre = F /RE. = mgD./RkpT, where m is the mass of the weight, g
the acceleration due to gravity, and R the radius of the cylinder.
For D. we used our theoretical prediction based on the measured
values for o,k,, and k,, (Fig. . We independently calculated
the effective temperature of a representative chain (the one chain
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Fig. 4 Plot of diffusion coefficient from experiments (error bars) analyt-
ical model (bold line) normalized as D* =2D/c?(k, +k4) as a function
of the ratio of rates p = k,/(ks + k) with the different number of the
binding site (or string head unit), N =1, 3, 6. (b) Correlation between
binding position r, and the difference of angles during attachment event
Af,.

visible in our movies) by $m(v2,) = 1k, Tchain,

We performed a series of experiments varying the speaker am-
plitude and applied weight, all with N = 3 strings. We obtained a
wide range of angular velocities, as shown in representative plots
in Figure [5p. Each trajectory was fit to a line, and the slope, @,ps.
As shown in figure [5p, there is a remarkably good agreement be-
tween the measured and predicted values of @. A line of slope 1
is plotted as a guide to the eye, and is not a fit to the data. We
conclude that, within the noise of our system, the drag and dif-
fusivities are inversely proportional with the proportionality con-
stant given by the effective temperature measured assuming an
equipartition relationship for the chains (approximately 8 x 10'8
K for the drag experiments).
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Fig. 5 (a) To measure the creep rate of the carousel under constant
applied torque, we wrapped a string around the carousel, passed the string
over a pully, and used it to suspend a weight. We drove attachment and
detachment events as before. We used three different applied masses
(m) and different speaker amplitudes to give a range of trajectories, a
representative subset is shown in (b). (c) A plot of predicted (@p. =
F/RE. =mgD./RkgT;) vs. measured (®,p) average angular frequencies.
A line of slope 1 is plotted as a guide to the eye.

Taken together, this work demonstrates the feasibility of
constructing a macroscopic analog to molecular systems whose
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structure and dynamics can be tuned for targeted applications.
More specifically, our system was able to capture the complex
relationship between the binding of flexible tethers and the
resulting diffusive motion. Binding of flexible tethers drives
particle motion, but the more tethers that are initially bound
the stronger the restoring force resisting motion. The result is a
diffusive behavior unlike most systems, where the diffusivity can
be optimized for intermediate particle size (or in this case (N,)).
However, this behavior is a key feature of diffusion through the
nuclear pore complex and has common features with binding
proteins of DNAI3B1E2. while we have not explored correlations
in binding rates among tethers in this work, this work could serve
as a starting point to better exploring such features. They become
particularly highly relevant in multi-valent binding mechanisms
in molecular systems like in the case of molecular spiders which
involve multiple binding "legs" that can achieve random walk
on receptor surfaces®%33, Because the experimental system
could capture different regimes of binding-mediated diffusion,
it maybe viewed as a proof-of-concept metamaterial whose
structure/dynamics can be tuned to achieve programmable
viscosity, particle segregation and transport.
proposed structure to two dimensions could mimic polymer
brush structures with physical bonds2#32 or polymers with
dynamic covalent chemistry2®37, Our work suggests that high
multivalency but low affinity of each binding site could be
ideal for rapid transport, a situation found in the nuclear pore
complex=8,
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