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The Nanocaterpillar’s Random Walk: Diffusion With Ligand-Receptor Contacts
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Particles with ligand-receptor contacts bind and unbind fluctuating “legs” to surfaces, whose
fluctuations cause the particle to diffuse. Quantifying the diffusion of such “nanoscale caterpillars”
is a challenge, since binding events often occur on very short time and length scales. Here we derive
an analytical formula, validated by simulations, for the long time translational diffusion coefficient
of an overdamped nanocaterpillar, under a range of modeling assumptions. We demonstrate that
the effective diffusion coefficient, which depends on the microscopic parameters governing the legs,
can be orders of magnitude smaller than the background diffusion coefficient. Furthermore it varies
rapidly with temperature, and reproduces the striking variations seen in existing data and our own
measurements of the diffusion of DNA-coated colloids. Our model gives insight into the mechanism
of motion, and allows us to ask: when does a nanocaterpillar prefer to move by sliding, where one leg
is always linked to the surface, and when does it prefer to move by hopping, which requires all legs
to unbind simultaneously? We compare a range of systems (viruses, molecular motors, white blood
cells, protein cargos in the nuclear pore complex, bacteria such as Escherichia coli, and DNA-coated

colloids) and present guidelines to control the mode of motion for materials design.

Particles with ligand-receptor contacts — or nanocater-
pillars — harvest binding and unbinding dynamics of their
fluctuating legs at the nanoscale to move, target, stick,
or assemble into large structures [1-4]. Nanocaterpillars
are found across multiple scales, spanning a great variety
of systems in biology and biomimetic assays — see Fig. 1-
A. To name but a few, microscale white blood cells with
protein linkers stick and roll on blood vessel walls un-
til they reach a healing target [5-7]. Microscale droplets
with protein linkers are used to study cellular-like adhe-
sion [8-10]. Microscale to nanoscale colloids coated with
complementary deoxyribonucleic acid (DNA) strands
self-assemble into macroscopic crystals [4, 11, 12] with
novel optical or selectivity properties [13-16]. Nanoscale
viruses transiently adhere with spike proteins to the res-
piratory mucus to find vulnerable host cells [1, 17-19].
At even smaller scales, protein cargos bind to receptors
in the nuclear pore complex for selective transport to a
cell’s nucleus [20, 21].

For all these systems to function, a nanocaterpillar
must move relative to the surface to which its legs are
attracted. An important question therefore is to char-
acterize how it moves, over scales much larger than in-
dividual legs. Since legs constantly bind and unbind
to the surface, imparting force each time they do so,
the particle’s macroscopic mobility depends on the mi-
croscopic details of its legs. For example, leg flexibil-
ity and bond lifetimes control the average mobility of
the particle [19, 23, 24], and differences in both param-
eters can be harvested to detect infected cells [25-27] or
prevent viral infections [28]. As another example, leg
density affects how DNA-coated colloids nucleate and
grow into crystals [29, 30] and governs the long-range
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FIG. 1. Overview of nanocaterpillars. (A) Multiva-
lent ligand-receptor systems span the micro to nanoscales.
White blood cells stick to vessel walls through selectin me-
diated bonds (inspired from Ref. 7); DNA-coated colloids
self-assemble through hybridization of complementary DNA
strands; Protein cargos translocate through the polymer mesh
of the nuclear pore complex (inspired from Ref. 22). (B)
Ligand-receptor systems are modeled here with an arbitrary
number of legs N (ligands) and/or arms (receptors). The
stochastic model includes binding and unbinding rates gon and
goft, Spring constant k, and leg friction  (all fast, in blue); and
the bare friction coefficient I' of the nanocaterpillar (slow, in
black). We seek the long-time effective longitudinal diffusion
coefficient Deg.

alignment of crystals [31-33]. Overall, microscopic de-
tails underlie a variety of large-scale modes of motion,
such as hopping [3, 17, 34, 35], cohesive motion including
rolling and crawling [17, 36], and also transient or firm
arrest [3, 5, 37|, resulting in large differences in macro-
scopic mobility.

Investigating how microscopic binding details lead to



macroscopic mobility is challenging, as it requires prob-
ing time and length scales that can often be quite dif-
ferent [19, 38] — legs can be much smaller than the
nanocaterpillar they are attached to, while leg dynamics
can be orders of magnitude faster than the timescales of
macroscopic motion. Furthermore, many systems have
a valency of thousands of leg contacts [31, 38, 39], too
many degrees of freedom to resolve experimentally or
computationally [22, 40]. To make progress, numeri-
cal and analytical models often rely on simplified as-
sumptions, e.g. excluding stochastic relaxation of the
legs [41, 42], limiting the analysis to a small number of
legs [41, 43, 44], or assuming small perturbations [22].
Such models have given insight into a variety of phenom-
ena, such as how specific parameters could favor rolling
over sliding [7, 41, 43, 45, 46] or how specific mechanisms
could increase overall mobility (with coupling effects such
as binding dynamics depending on bond number [47—49]
or when numerous adhesive sites are available for a single
ligand [22, 50, 51]). Nevertheless, such modeling assump-
tions are not always justified; for example stochasticity
plays a critical role for mobility, facilitating rolling [37],
targeted arrest [40], or other walking modes [52]. Fur-
thermore, such models can also not reproduce the order
of magnitude decrease of diffusion of DNA-coated colloids
[31, 39]. Hence, a systematic derivation of macroscopic
mobility from microscopic details that is valid under a
broad range of parameters is needed.

In this paper we derive an analytical expression for the
effective mobility of a nanocaterpillar in an overdamped
system, by systematically coarse-graining over the micro-
scopic details of its legs. Starting from a model that in-
cludes the detailed spatial fluctuations of the legs, we use
homogenization techniques [22, 53, 54] to average over
these fluctuations. We obtain an analytical expression for
the effective long-time translational diffusion coefficient
of the particle, Deg (N, T, 7, k, goft, ¢on ), as a function of
the microscopic parameters governing the legs (Eq. (15);
see also Fig. 1-B and Sec. I.) The expression depends in a
non-trivial way on the friction coefficients of the individ-
ual components of the system (legs and particle), with
the frictions either adding up arithmetically (like springs
in parallel) or harmonically (like springs in series) accord-
ing to the mechanistic details. We validate our analytical
calculations with numerical simulations, which show the
expression is accurate over a wide range of parameter
values.

Our model gives insight into the mechanism of
nanocaterpillar motion, as it allows us to distinguish be-
tween two long term modes of motion: sliding, where
at least one bond is always attached to the surface, and
hopping, where the particle detaches completely, moves
in free space and reattaches. These regimes are controlled
by physical properties of the legs, such as stiffness and ad-
hesive strength, allowing us to investigate existing biolog-
ical and biomimetic systems in a so-called Ashby chart for
nanocaterpillars (Sec. IT). We identify how critical design
parameters (such as the coating density for DNA-coated

colloids) controls the preferential mode of motion and
reconcile disparate experimental observations on similar
systems [31, 39].

Importantly, the effective diffusion can sometimes be
orders of magnitude smaller than the background diffu-
sion coefficient, showing the critical effect of the legs on
the particle’s mobility. This analytical prediction of a
dramatically decreased diffusivity is borne out with ex-
perimental measurements of the diffusion of DNA-coated
colloids, both from existing data [31, 39] and addition-
ally measured in this study. Our model agrees with the
data within experimental accuracy over a range of tem-
peratures and for different DNA coating densities on the
colloids (Sec. II).

Finally, we derive the effective diffusion coefficient for
several variations of the model with varying assumptions,
and show that our model incorporates these assumptions
as special limits [22, 54], but is accurate over a broader
range of parameters and system designs (Sec. III). In
particular, previous approaches can not describe the ob-
served orders of magnitude decrease in diffusion [22].
Overall, our results lay the ground to tune mobility fea-
tures in artificial designs, and provide methodological
tools to study more complex motion mediated through
ligand-receptors, including rolling or self-avoiding walks
due to active cutting of bonds.

I. DERIVING AN ANALYTICAL FORMULA
FOR THE EFFECTIVE DIFFUSION
COEFFICIENT

In Sections I A-IC we illustrate our homogenization
technique pedagogically by considering a 1-legged cater-
pillar. Our main result for the effective diffusion coeffi-
cient of an N-legged caterpillar, Eq. (15), is presented in
Section ID.

A. 1-legged caterpillar: constitutive equations

We begin with the simplest possible model: a
nanocaterpillar with a single leg (Fig. 2). The leg is per-
manently fixed to the caterpillar while its other end is
mobile, and can attach anywhere on the binding surface.
We consider for now a one-dimensional model, where leg
fluctuations and particle motion occur on a line, longitu-
dinal to the surface.

The dynamics of the particle position z(t) and leg
length I(t) occur over nano to microscales, mostly in
dense fluids such as water. In this context, dynamics are
well captured by overdamped Langevin equations [55],
where inertia plays a negligible role. This is in contrast to
previous modeling efforts which used the Langevin equa-
tion (with inertia) [54], a point we return to in Sec. III,
where we show that the two approaches can give pre-
dictions that are orders of magnitude different in certain
parameter regimes.
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FIG. 2. 1-legged nanocaterpillar model. (A) The longi-
tudinal extension of the single leg (/) is monitored and feeds
back into the longitudinal position (z) of the particle. (B)
Simulation trace of the position of a 1-legged particle with
time. (inset) The effective long time diffusion Deg is half the
slope of the mean squared displacement over long times.

When the legs are unbound they evolve as

% - —%(l(t) —lo) + an(t)- (1)

Here k is a spring constant describing the recoil force of
the leg material, 7 is its friction coeflicient, [y its rest
length, kp is Boltzmann’s constant, 7' is temperature
and 7; is a Gaussian white noise satisfying 7;(¢) = 0 and
m(t)m(t') = 6(t — t') where - is the average over realiza-
tions of the noise. In most systems we consider, legs are
made of polymers or proteins, where small leg deforma-
tions around equilibrium are well captured by a constant
spring constant k [56-58].

The particle’s position z when the leg is unbound obeys

D) 2)

where I is the friction coefficient of the particle and 7, (t)
is a Gaussian white noise uncorrelated with ;(¢). The

diffusion coefficient for the unbound particle is Dy =
kpT

1“VVe consider for now that the surface is uniformly
coated with receptors. The leg can thus bind at any loca-
tion on the surface with a constant binding rate g,, and
constant unbinding rate gog. Detailed balance requires
o — :—Z where 7/, is the equilibrium probability of the

Goff
system to be bound or unbound. Typically T = e~ 4%,

where 37! = kgT and AG < 0 is the free energy change
when the leg binds to the surface [38, 59].

We now seek to describe motion of the system when
the leg is bound. In this case, variables are constrained
as z(t) + I(t) — x; = 0 where x, is the location of the
receptor where the leg tip is attached, which is constant
until the leg detaches and reattaches to another loca-
tion. The stochastic dynamics Eqns. (1) and (2) must
be projected [32, 60] onto the constraint surface, see Ap-
pendix A. We obtain
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where 7(t) is a Gaussian white noise. Here we see that
the projected dynamics have a natural expression where
the effective friction in the bound state is the arithmetic
sum of the friction coefficients in the unbound states,
I' 4+ ~. Note that this projection is a crucial step that is
often ignored in such derivations [22, 32, 54], and modifies
the dynamics in non trivial ways especially with a large
number of legs.

The dynamics are now specified through the set of
Eqns. (1)-(3), together with the binding and unbinding
dynamics. To see what happens over long times, we sim-
ulate trajectories for 1 leg — see Fig. 2-B (and simulation
details in Appendix B). Over long times, the particle’s
mean-squared displacement grows linearly with time, and
we may extract an effective long time diffusion coefficient
D.g — see inset of Fig. 2-B.

B. Homogenization to coarse-grain the fast
dynamics

The computational cost of simulating Eqns. (1)-(3)
is high, since small time steps are required to resolve
the fast relaxation and binding events. We therefore
seek an analytical method to coarse-grain over these fast
timescales. To apply this method we identify a non-
dimensional separation of scales, which is novel compared
to other approaches [22, 51, 54] and will allow us to find a
result valid over a broad range of parameters. We use ho-
mogenization theory to average over the fast scales, even-
tually obtaining an effective diffusion equation, Eq. (10),
with effective diffusivity (Eq. (11)) and related effective
friction (Eq. (12)), which is one of the main results of
this paper for the special case of a 1-legged caterpillar.
A reader interested in the results and physical implica-
tions may skip to Section I C.

1. Set up: partial differential equations to be coarse-grained

The set of stochastic Eqns. (1)-(3) defines a
Markov process that is conveniently studied via the
Fokker-Planck equation and its adjoint, the Kol-
mogorov backward equation [53, 61]. Let p(z,l,t) =
(pu(x,l,t),pb(m,l,t))T be the probability density func-
tion of finding the system at time ¢ and positions z,[ in
the unbound or bound states. We obtain from Eqns. (1)-
(3) the Fokker-Plank equation

O =L"p, (4)



with £* = V* + Q* where

o (5~ 1o) + £22,) + 5L 0,

V* = diag )
(0= 0,) (5 (L= lo) + $2Z (0, - 0,)
« —qon  {off
Q = ’
Gon  —qoff

with an appropriate initial condition. Additionally we re-
quire the flux in either state to vanish at infinity, to con-
serve total probability. The stationary solution of Eq. (4)

. —Bk(1-19)?/2 T . C
is T = “———— (Qoff, gon)  Where Z is a normalization

constant. This is therefore the equilibrium probability
density of the system; it satisfies detailed balance.

While probability densities have an intuitive physi-
cal meaning, in the following it will be easier — and
mathematically better posed — to consider the ad-
joint of the Fokker-Planck equation and the correspond-
ing dual functions. These are functions f(z,l,t) =
[ p(' U tlx, 1)g(2’,1")dl'dz’ that give the expectation of
any scalar function g(x(¢),(t)), given an initial condition
x(0) = x,1(0) = . Once we know how such functions f
evolve, we may calculate any statistic g of our stochas-
tic process. Writing f(z,1,t) = (fu(z,1,1), folz,1,1))",
we have that f satisfies the Kolmogorov backward equa-
tion [61]

atf:‘cfa f(IL',l,O) :g(xal)' (5)

Here L is the adjoint operator of £*, defined by the op-
erator that satisfies (f, L*p) = (Lf,p) for any probabil-
ity density p and statistic f, where (f,p) = [[(fupu +
fopp)dldz is the inner product.

2. Non-dimensionalization and assumptions on scales.

We now seek to coarse-grain the fast dynamics, by ap-
plying homogenization techniques to the backward equa-
tion, Eq. (5). To start, we non-dimensionalize the equa-
tion using

z— L&, 1 —1ly— LI, t — i,

where L = /kpgT/k is the reference length of the leg
fluctuations, L, is the scale for the long-time average
motion of x, and 7 is the timescale associated with this
average motion. The latter two scales are not deter-
mined a priori by any intrinsic scales in the system, but
rather are chosen large enough that averaging will be ap-
propriate over such scales; hence we choose L, = L/e
where € < 1 is a small non-dimensional number. We
are interested in long time scales corresponding to the
diffusion of the particle, hence we expect 7 = L2/Dj,
which corresponds to 7 = E%% Importantly, and in con-
trast with other works [22, 51], here € does not measure

the value of physical parameters, but rather, it measures
the large observation time scale over which the coarse-
grained model is valid. Such long observation times are
quite likely in experiments, as typical binding rates and
leg dynamics occur at most over 1 ms — 1 s while obser-
vation (or other biophysical processes such as internali-
sation for viruses [17]) happens over the course of 10 min
at least [38]. This non-dimensionalization step is crucial
as it will allow us to find order of magnitude changes
in the diffusion coefficient according to the physical pa-
rameters, something that was not captured by previous
perturbative approaches [22, 51].

We now assume that the observation time scale is long
enough, such that binding and unbinding events, as well
as relaxation dynamics, will both occur on comparably
short time scales. We can therefore write ¢; = ¢;T'/k =
O(1) and v/T" = O.(1). In Sec. IIT we will see that tak-
ing different limits for these physical parameters (such as
v/T < 1) yields the same result as applying these limits
to the final result. Our choices of scalings are therefore
quite general and can be easily adapted to more detailed
systems.

Using non-dimensional variables (and dropping the ~
for simplicity) we obtain from the backward equation
Eq. (5) a separation in orders of € as

1 1
of = Lf = (62&) vloy 52) TG
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3. Homogenization method.

We seek a solution to Eq. (6) of the form f = fo +

efi + €2fo + ... We obtain a hierarchy of equations at
different orders in e:
Oe (eiz) : £0f0 = 07 (7)
Oc(L):  Lofi =—Lifo, (8)
O.(1):  Lofs=0fo—Lifi — Lafo, (9)

and we solve these iteratively for f at each order in e. At
lowest order we obtain from Eq. (7) and the vanishing

1

flux at boundaries, fy = a(z,t) , where a(z,t) is an

1



unknown function of the slow variable z, whose dynamics
we seek to determine. The associated equilibrium distri-
bution at lowest order, Limy = 0 is simply the full one
Qg = T.

At the next order, one can check that

Y4on 10,a

F(l + qoff) + ,Y(QOII + QOH)

h=
'+ vgon

is a particular integral of Eq. (8), and is the unique so-
lution since we impose that f; does not contain terms in
the nullspace of Lg.

Finally Eq. (9) possesses a solution if and only if it
satisfies the Fredholm alternative [53]

((Ocfo — L1fi — Lafo), mo) = 0.

Standard algebra yields an effective long time diffusion
equation for a (in dimensional variables)

0ta = Deg0yza, (10)
where
kgT
Desr = ) 11
T (11)
with
1
=20 P Gith To=T, Ty =T + e
Peg To It
X (12)
and’yeﬂzfy+k< —|—zq°—n>.
Goff k qoft
In the above expressions, py = 7 f?:ﬁz is the equilibrium

probability to have no bond, and p; = 1 — pg the equilib-
rium probability to have one bond. I'g = I is the friction
in the unbound state and I'; is the effective friction con-
tributing to the bound state.

Eq. (10), which is the backward equation for the par-
ticle+leg over long times, is one of the main results of
this paper, in the case of a 1-legged caterpillar. It is the
backward equation for a particle that evolves as

le—f = v/2Decgn.(t). (13)
That is, the particle diffuses, with effective diffusion co-
efficient Dqg and effective friction I'er. The effective dif-
fusivity and friction have the usual interpretation. In
particular, if a potential U(x) were added to the particle
Eqns. (2) and (3), one would recover in Eq. (13), following
the same coarse-graining procedure, a term —ﬁawu .

In Fig. 3 we compare the analytical result obtained in
Eq. (12) (gray line) to numerical simulations of the full
stochastic Eqns. (1)-(3) (gray dots). We show the re-
sults for a number of system parameters and find perfect
agreement over several orders of magnitude of physical
parameters. We also predict order of magnitude changes
in the diffusion coefficient as the microscopic parameters
change.

C. Microscopic parameters determine long term
diffusion

How shall we interpret the expressions for the effective
diffusivity Eq. (11) and the effective friction Eq. (12)?
The effective diffusivity is a weighted sum of the diffusiv-
ity in each state, Deg = poDg + p1 D1 where the weights
correspond to the probability to be in either state, and
D; = kpT/T;. The effective friction, on the other hand,
is a harmonic weighted sum of the friction coeflicients.
That the diffusivity averages arithmetically is to be ex-
pected, since the mean squared displacement is an ex-
tensive quantity in a system with multiple states. Over
a time ¢ we can write

22(t) = 2Degt = 2Dopot + 2D1p1t

= 2Dyt + 2Dt = $2(t)|0 + xz(t)|1,

where ty and t; refer to the time spent in either state.
The novelty here is that the diffusivity in the bound state,

Dy = kT (T +7et) ' # kpT(T +7)7,

is obtained not just from the friction in the bound state,
see Eq. (12), but is modified by spring resistance during
binding events by an additional term ~eg — 7.

We can interpret this additional term by writing it as

where Tog = 7, + 711X

Veft =7 = kTeffa

is the typical time over which the leg’s spring resistance
acts, with 7, = 1/qo representing the average bound
relax

s — Y 9n _ Y Tb 1 —
time, and 7, = % aow = % 7> representing the bare re

laxation time 7 /k increased by the ratio of average bound
time to average unbound time. This is coherent as the leg
fluctuations may only relax in the unbound state. The
interpretation of 7eg is comparable to that in Ref. 54
although the results of Ref. 54 were obtained from un-
derdamped dynamics.
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FIG. 3. Effective diffusion D.s of a 1-legged particle.
Simulation and analytical result Eq. (12) for a 1D system
with 1 leg, with respect to (A) friction ratio v/I" and (B)
unbinding rate gog. (A) and (B) share the same y-axis. The
other numerical parameters are gonI'/k = 1.0, and for (A)
gogI'/k = 0.8 while for (B) 7/T" = 0.1. Error bars represent
one standard deviation for 100 independent runs.

Fig. 3 shows how the effective diffusion coefficient de-
pends on microscopic parameters such as the leg friction



and binding rates. As the leg friction 7 increases, the
effective diffusion of the particle decreases (Fig. 3-A).
When the leg friction « is large compared to all other
contributions to friction, diffusion in the bound state is
frozen D; = 0, and the effective diffusion corresponds
only to mobility in the unbound state D.g = poDy
(pp = 0.8/1.8 ~ 0.44 in Fig. 3-A). As leg friction is
typically proportional to the size of the legs, it is thus
expected that the bigger the legs, the slower the particle.
As the unbinding rate q.i decreases, D.g decreases to
arbitrarily small values (Fig. 3-B). This slow down is due
to spring recoil forces acting over longer times, eventually
freezing the particle in a given location. Note that sim-
ilar qualitative dependencies of the diffusion coefficient
on the unbinding rate (Deg ~ kpT'qosr/k) were noted in
a numerical model of multivalent transport on discrete
sites [44], in a scaling law investigation of sticky repta-
tion in polymers [62], and experimentally in Influenza A
viruses [19].

As a test of modeling choice, the analytical expres-
sion may also be plotted against numerical simulations
of the non-dimensional equations with any value of e.
We find perfect agreement up to € < 10 (Supplemen-
tary Fig. S1), regardless of the choice of physical param-
eters. This highlights that the natural choice ¢ = L/L,
for coarse-graining purposes, corresponding to bound leg
length scales versus unbound particle long range motion,
is especially well suited for these types of problems. In
the following € is not incorporated in numerical simula-
tions.

D. Diffusion of N-legged caterpillar spans orders of
magnitude

We extend our framework to probe nanocaterpillar dy-
namics with an arbitrary number of legs N (see Fig. 4-A).
Eq. (1) is repeated for each unbound leg, and each leg
binds to the surface with rates gon,og independently.
Eq. (2) gives the particle dynamics when no legs are
bound. When n legs are bound, indexed by i = 1,...,n,
the dynamics of the particle and bound legs are con-
strained as (Supplementary 1.2)

k n
B -1
dt dt F+m;( o)+

2%kpT

dz dl;
'+ nvn

(14)

Note here that the projection step yields a friction co-
efficient scaling linearly with the number of bonds n,
and hence is not a perturbative effect [22]. The set of
stochastic equations is now fully determined and can be
simulated for any IV, see Fig. 4-B.

Similarly as in Sec. IB, coarse-graining predicts a
long time effective diffusion with N legs as (Supplemen-
tary 1.2)

N legs kBT al Pn
Deﬁ - N legs = kBT Z F (15)
Feff n=0""
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FIG. 4. N-legged nanocaterpillar model. (A) The longi-
tudinal extension of N legs are monitored (here N = 5) with
binding and unbinding. The number of bonds n(t) changes in
time, here n(t) = 2. The average number of bonds n(t) = N,
depends on the binding and unbinding rates. (B) Simulations
and analytical results of the effective diffusion coefficient for
N-legs according to the binding rate gonl'/k. “N, average”
corresponds to Eq. (16) and “full solution” to Eq. (15). The
other numerical parameters are v/I' = 0.1 and gogg = 0.8¢on-

N—-n_n
where p, = (JZ ) m is the equilibrium probability
to have n bonds and T',, is the friction coefficient in a
state with n bonds. The frictions {I',,} solve a linear sys-
tem of equations that does not have a simple analytical
solution (see Eqns. (51.20-22)), but can be solved using
numerical linear algebra for given parameters as reported
in Supplementary 1.2.

Eq. (15) is one of the main results of this paper. It pre-
dicts the long-term diffusion coefficient of a nanocaterpil-
lar, as a non-trivial function of the microscopic param-
eters of the legs. We compare the numerically solved
Eq. (15) (full lines) to numerical stochastic simulations
with N legs (dots) in Fig. 4-B and find excellent agree-
ment.

The coefficients I';, contributing to each bound state
can be further investigated to yield an analytical approx-
imation for Fé\élegs. When a large number of legs N is
involved in the process, the dominant term in the sum
of Eq. (15) corresponds to the average number of bonds

— N — don
Nb - Z’I’L:O np?} " Qott+Gon ) .
that the coefficients vary weakly around n = Ny, simpli-

fying the linear system for the {I',,}, yielding

1
Fé\élegs N>1 Ty, T4 Nyye

N. Furthermore, one expects

(16)

The right hand side of Eq. (16) is valid regardless of pa-
rameter values (Fig. S3) and provides a good approxi-
mation for T for large values of N (Fig. S2). For
example, close agreement with Eq. (15) is obtained as

early as N = 20, while good qualitative agreement is ob-
tained for N = 5 (see Fig. 4-B, dotted line). Eq. (16)



shows that the effective friction with N legs decays lin-
early with the average number of bonds N,. For systems
with a large number of legs (and hence potentially a large
average number of bonds) [31, 38, 39], we therefore ex-
pect a strong diffusion decrease, covering potentially sev-
eral orders of magnitude, due to enhanced friction with
the surface.

II. DO NANOCATERPILLARS HOP OR SLIDE?

Our model and analytical formula Eq. (15) are use-
ful not only for quantitatively predicting the diffusion
coefficients of existing nanocaterpillar systems, but also
to obtain insight into the mechanism by which particles
diffuse. Different experiments with DN A-coated colloids
made puzzling and seemingly contradictory observations,
whereby similar systems appear to diffuse in different
ways. For example, some DNA-coated colloids appear to
diffuse through a succession of uncohesive moves, namely
hops above the surface [39], while others move cohesively
along the surface [31]. The difference between cohesive
and uncohesive modes of motion has been noted in a va-
riety of other systems, ranging from virus mobility on
surfaces [17, 19] to sticky polymer reptation [62]. Yet
the parameters that characterize and quantify these dif-
ferent modes of motion remain to be elucidated. Our
model gives insight into this question — do nanocaterpil-
lars prefer to diffuse by “sliding” along the surface, or by
“hopping” along it (see Fig. 5-A)7

A. What are hopping and sliding?

We start by quantifying the diffusion associated with
either hopping or sliding. The mean squared displace-
ment of a particle whose diffusion coefficient is deter-
mined from Eq. (15) can be split into two contributions,
as

N

kpT kpT
(2%) = 2D gt = 2p0%0t +2> pa=
n=1

t
L

= 2Dhopt + 2Dgliget-

We identify (a) a hopping mode (in accordance with
Refs. 34 and 39) where the particle detaches all bonds
with the surface and moves in free space (see Fig. 5-A),
until it forms another bond. In this hopping mode

Goff > N kBT

17
Goff + Gon r ( )

Dhop = Po = (

We also isolate (b) a sliding mode (see Fig. 5-A) where
the particle keeps at least one bond with the surface, a
form of walking with no preferred direction,
N
Pn kBT
D. i = _— =
slide nz::l Fn FNb T T N

kgT

Gon
Goff +qon Vet

(18)

The total mean-squared displacement can be broken up
into the sum of the mean-squared displacement when
hopping, and the mean-squared displacement when slid-
ing, as <:L‘2> = 2Dhopt + 2Dgjiqet = <x2>h0p + <x2>slide-
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FIG. 5. Nanocaterpillar diffusion modes with N legs.
(A) Typical modes of motion with N bonds: the nanocater-
pillar may either slide (at least one bond remains attached
to the surface) or hop (all bonds detach for the particle to
move). (B) Critical number of legs N, required for sliding
to be more effective than hopping as a function of stickiness
Gon /ot and unbinding rate.

An important observation is that Dgj;qe decays with the
number of legs roughly as 1/N, while Dy, decays expo-
nentially with N, i.e. much faster. As soon as a few legs
are involved, we may therefore expect that sliding domi-
nates hopping. This interpretation is natural, since when
a system has just a few legs (IV ~ 1—2), the odds that the
legs all detach at once are quite high, therefore favoring
hopping. In contrast, in a system with a large number
of legs, the odds that all legs simultaneously detach are
simply too small, and the system walks randomly, re-
maining close to the surface. In a sense, nanocaterpillars
truly are caterpillars walking with nanoscale legs. The
scaling quantifying both modes of motion is another es-
sential analytical result of our work.

In  general, the critical number of legs
N¢(Gon, goft, k,7v,T') required to favor sliding (N > N.)
over hopping (N < N.) satisfies

<x2>hop _ Drop N ( qoff )NC (1 qon Veft
= = + N, Jeft
<-’1:2>slide Dslide qoff + Gon

cqoff + Gon r
(19)
The critical number of legs is controlled by the ratio
Gon/ qoft, termed henceforth stickiness, and by the magni-
tude of the effective friction in the bound states e, itself
dominated in most systems by the unbinding rate go-
We can therefore investigate N, as a function of sticki-
ness gon/qofr and unbinding rate goi (Fig. 5-B). Overall,
a system with say N = 10 legs is typically dominated by
sliding motion. Yet hopping may still occur e.g. with
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large unbinding rate gog. In fact go.g increases the fric-
tion veg in the bound states and reduces Dgjiqe. The
number of legs is thus a critical parameter for nanocater-
pillar diffusion: controlling both the magnitude of the
diffusion decrease and the mode of motion.

B. Distinguishing the diversity of biophysical
nanocaterpillars

Whether a nanocaterpillar slides or hops, as predicted
by Eq. (19), depends on numerous system parameters.
Existing biological and biomimetic systems cover a broad
range of parameters that we now explore, to ask which
systems prefer to move by sliding and which by hopping,
within the framework of our model.

Our model relies on 6 physical parameters
k.7, Qoffs Gon, s, N that can be estimated from the
literature for many systems : viruses, molecular motors,
white blood cells, protein cargos in the nuclear pore com-
plex, bacteria such as Escherichia coli, and DNA-coated
colloids (Supplementary 3). Typically, stickiness values
are similar across systems with gon/gor ~ 0.05 — 0.8 > 1
— when the system is not thermally manipulated as
will be explored in Sec. IIC. Therefore we consider
don/qost ~ 0.1. Additionally, as legs are generally small
compared to particles, v/I' ~ 1073 — 10~! and therefore
the dominant factor in 7eg/I" is usually controlled by
spring recoil force and unbinding times, as k/T'gox. We
find k/Tqogr =~ 1072 —10® in the range of systems studied,
confirming that this is a critical factor to discriminate
nanocaterpillars. Additionally, as systems have a varied
number of legs IV, we define an effective relaxation rate

-1
<QOH+QOn>N _1
Goft

that will allow us to predict either sliding or hopping.

We sort systems in a so-to-speak Ashby chart, accord-
ing to the effective relaxation rate £(¥)/T" and unbind-
ing rate ¢of (Fig. 6). This chart summarizes parameter
ranges for different systems, and predicts which systems
move by sliding and which move by hopping, within the
assumptions of our model. If kN)/Tq.z < 1, according
to Eq. (19), sliding (orange region) is favored over hop-
ping (blue region). While other modes of motion could
occur for such complex systems, our aim here is to ob-
serve these systems in the “projected” sub-space where
only sliding and hopping is considered. Interestingly, we
find that different groups of systems emerge according to
this classification, that we review below.

L(N)

k Jon
=—-N
r r

Goft + Gon

1. Sticky hoppers

We predict that viruses, white blood cells, and molec-
ular motors cannot slide. These systems show very long
bond lifetimes, with 7, = qo_ﬂ1 ~ 1 — 100 s. This is
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FIG. 6. Sorting biophysical systems. Expected regimes
of sliding or hopping according to the effective relaxation rate
k) /T and unbinding rate . The gray line corresponds
to k(N)/F = Qoft %d&%:gearates the [sliding and the hopping

regions. Circles |re I‘%ﬁ@‘%:: %:i‘sang of values found in the

literature for parameters of each system. Systems are color
coded according to their category in the legend. When multi-
ple systems belong to a category, details are indicated next to
the circles. Low and high coverage DNA-coated colloids refer
to 1 pum size colloids and nanoparticles to 15 nm size.

characteristic of strong bonds, for which the interaction
energy |AG| > kpT. Since for the protein ligands in
these systems, k ~ 107 N/m and I' ~ 10~ N.s/m for
1um particles, we expect k/T' ~ 10° > qog and e > .
Therefore such systems simply can not slide. Sliding is
even more disfavored for coronaviruses (Sars CoV 1 and
2), since the legs are made of very rigid proteins, with
k ~ 0.5 N/m [63, 64]. Hopping is therefore a probable
mode of motion for these systems.

These predictions are qualitatively consistent with ex-
perimental measurements. The diffusion coefficient of an
influenza A virus on protein-coated surfaces was mea-
sured as Do/Deg ~ 4 — 190 [17, 19]. Estimating the
typical number of available legs N ~ 10 [65, 66] and
the bound probability gon/(gon + gofr) = 20% [66] yields
Do /Dhrop = [goft / (qon + qoff)]N ~ 10, in the range of mea-
sured values. Our model predicts that hopping is there-
fore more probable than sliding for influenza A, at least
when considering its translational motion under passive
binding and unbinding. This is consistent with Ref. 17,
which observed infrequent yet very long spatial steps,
termed gliding moves. We note that the influenza A
virus has also been observed to move via cohesive short
spatial steps, that have been attributed to rolling mo-
tion [5, 17, 19, 41], which may be due in this context to
active bond cleaving [17, 19, 41] that is beyond the scope
of passive binding as presented here.

Turning to DNA-coated colloids, while the binding ki-



netics are roughly independent of colloid size, the ef-
fective relaxation rate can vary strongly. Nanometre-
sized DNA-coated colloids (yellow nanoparticles) have
fast relaxation rates as they are small (and therefore T'
is smaller), and are thus sticky hoppers. In contrast, mi-
cronscale colloids have slower relaxation rates k() /T, all
the more as usually a great number of bonds N ~ 100
are involved in the binding process, and thus are prone to
slide. We will turn in more detail to DNA-coated colloids
in Sec. ITC.

2. Slippery sliders

Reciprocally, we predict that systems with weak ad-
hesion (equivalent to short bond lifetimes, i.e. large
dof) may move by sliding. Such systems include proteins
translocating through the nuclear pore complex, or white
blood cells adhering through L-selectin linkers, which are
notably weaker than P-selectin [23]. Sliding may also be
accessible to systems with short effective relaxation rate,
for which the sticky friction mediated by k/I" is low. This
corresponds to large particles with long legs, as is the case
for Escherichia Coli [57] (dark green). DNA-coated col-
loids with high DNA coverage are prone to slide due to
their large number of legs.

C. DNA-coated colloids hop and slide, with order
of magnitude decrease in their diffusion coefficient

We now turn to probe in more detail the predicted
modes of motion and strong decrease in diffusion of DNA-
coated colloids by comparing our model’s predictions
with experimental measurements of DN A-coated colloids.
DNA-coated colloids provide a well-controlled model sys-
tem for testing our analytical results, especially their de-
pendence on N, since the number of DNA legs involved
in the sticking process may be easily tuned by changing
the temperature [38]. Our aim here is not to build a de-
tailed model to describe all the possible modes of motion
of DNA-coated colloids. Rather, we seek potential key
parameters that control the magnitude of the diffusion
and the mode of motion. To do so, we test whether the
predicted strong decrease is coherent with experimental
observations over a range of temperatures and for three
different experimental designs.

1. Model parameters can be directly established from
experimental data.

We predict the diffusion coefficients Deg (and Dgjige
and Dyp) for three different experimental systems, by
determining the parameters involved in Eq. (15) from
the literature or from independent measurements, with
no fitting parameters (apart from calibrating to the melt-
ing temperature, as discussed below). The diffusion coef-

ficients for DN A-coated colloids on flat DN A-coated sur-
faces have been measured in two different experimental
systems reported in the literature [31, 39]. These studies
report only very few data points around the melting tem-
perature where motion is diffusive, since in these experi-
mental systems diffusive motion is only observed in a nar-
row range of temperatures, so the studies focused mainly
on the low temperature regime where motion is subdiffu-
sive. We complemented the scarce existing data by per-
forming our own experiments, using recently-developed
fabrication [38] and acquisition techniques [31, 39], and
we observe diffusive motion over a wider range of tem-
peratures (Supplementary 2). For each of the three ex-
perimental datasets, we map reported experimental pa-
rameters to the parameters of the model, and detail our
process below.

Some parameters are easily estimated using standard
results, see Table A2. The friction coefficient I' is taken
as the hindered lateral hydrodynamic friction near a
wall [67]; v and k correspond to hydrodynamic friction
and spring resistance of the polymer linker (that links
the surface and the complementary DNA strand) and
are directly established from polymer dynamics [56]. The
binding rate g,, depends on the exact — known — DNA
sequence used for the complementary stickers and the
density of coated DNA strands on surfaces [70].

Other parameters, such as N and N, (or equivalently
N and the ratio gon/qoft) require more extensive model-
ing of the detailed leg-arm interactions to be evaluated.
Recently Refs. 38 and 59 have shown how to establish N
and N, with no fitting parameters, taking as input pa-
rameters the DNA sequence used, the coating densities,
and the properties of the DNA linker (see Fig. S5), and
we employ the method we have developed in Ref. 38.

Finally, since measurements include colloid vertical
motion beyond the binding range[71], we further include
vertical motion and hence particle buoyancy through a
2x1D model. Such vertical motion is generally slow and
only affects the effective probabilities p,,, not the friction
coefficients I',,. Motion in two lateral dimensions can be
straightforwardly extended from our 1D model (see Sup-
plementary 2 for more details).

All parameters are thus readily expressed from detailed
experimental system design. The diffusion coefficient
Dog is decreased by orders of magnitude at low tem-
peratures. It progressively increases to its “bare” value —
corresponding to non-sticky DNA — at high temperatures,
with a sharp transition. This sharp transition from the
bound to unbound state occurs at a melting temperature
T, specific to each experimental design. The predicted
T,, is always close to the experimentally measured T,
(less than 1°C difference) with no fitting parameters.

Nonetheless, intrinsic variations remain in experimen-
tal parameters. In particular, different e.g. humidity
conditions can affect the coating process and exact coat-
ing density obtained, and hence the experimental T,,
over about 2°C. To investigate data over the relevant
short temperature range where diffusion can be mea-
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TABLE Al. Method used to calculate model parameters for the DNA-coated colloids studied experimentally in this work.
Parameter values are reported only at the melting temperature T),,. Their dependence on temperature is indicated in the
“Comments and References” column.

Parameter Formula used Value at T), Comments and References

r I'=2x6m(T)R 1.6 x 107® N.s/m  hydrodynamic friction near a surface [67]; colloid radius R = 500 nm;
n(T) water viscosity with temperature.

5 ~v = 6mn(T)h 1.8x107' N.s/m with brush height A ~ 22 nm, calculated with Milner-Witten-Cates
theory [68], and accounting for increased brush density due to Pluronic
F127 (see Ref. 38).

k k =3ksT/2LL 0.16 mN/m spring constant for polymers [56]; extended brush length L ~ 84 nm
(6500 g/mol PEO + 20 single stranded DNA (ssDNA) bases); persis-
tence length ¢ = 0.5 nm (average of PEO + ssDNA at 140 mM salt
concentration [69])

Qon Gon = kon&/hNa 4 kHz where kon = 1.6x10° M~ !.s7! from Ref. 70, using the exact sequence as
in our experiments; & = /g, where o = 1/(3.27 nm)? is the particle
coating density and o, = 1/(10.8 nm)? is the glass substrate coating
density; Avogadro’s number N4; Independent of T'.

Qoft ot = qon% 18 kHz Ny, average number of bound legs and N total number of legs available

for binding in the interaction region; Dependent on T

sured, one option could be to fit e.g. the value of the
coating density on colloids, to obtain the exact experi-
mental T, — effectively fitting the location of the sharp
transition. Instead, we choose to align all data (theo-
retical or experimental) with respect to its own melting
point T, (predicted or measured). This has the advan-
tage of avoiding fitting and allowing us to easily compare
similar experimental systems with slightly different T,
(Supplementary 2).

2. The coating density controls the mode of motion and the
magnitude of the diffusion coefficient decrease.

The number of legs implied in the sticking process N
changes significantly with temperature. At low temper-
atures N 2 100; the colloids are strongly bound. With
increasing temperatures N decreases until the particles
are completely unbound and N = 0 (see Fig. S5), with a
sharp transition at the melting temperature 7;,. Impor-
tantly, the number of legs is the parameter that changes
the most with temperature and controls therefore the
magnitude of the long time diffusion Deg.

The three experimental systems differ mainly in the
DNA coating density, which implicitly controls the num-
ber of legs N involved in the binding process. For densely
coated colloids (Fig. 7, A and B), we find excellent agree-
ment between our model calculation for D.g and exper-
imental data, predicting a fast diffusion decrease over 2
orders of magnitude in barely a few temperature degrees.
Further, we predict that sliding, or some form of cohe-
sive motion with the surface, is the dominant mode of
motion below the melting temperature T;,. In fact the

high number of available legs, N ~ 100, due to high cov-
erage, prevents hopping below the melting temperature
and colloids primarily slide, consistent with the observed
cohesive motion [31]. Hopping emerges as a favorable
mode above the melting point, where the average num-
ber of available and bound legs significantly decreases
due to particle lift-off from the surface. This prediction
is consistent with our qualitative observations above the
melting point: particles perform long moves over short
time intervals, accompanied by more frequent and longer
excursions far from the surface. The transition between
motion modes occurs for about N = 40 legs in contact
(Fig. S5).

For DNA-coated colloids with low coverage densities,
as in Ref. 39 (Fig. 7 C), our model predicts a diffusion co-
efficient that is far too large. Yet, Dy,p, is in remarkable
agreement with experimental data. In fact, D.g contains
sliding motion yet the spacing between legs in Ref. 39 is
too large and geometrically prevents sliding. Hence only
hopping, or uncohesive motion with the surface, is pos-
sible. In fact, for such systems only hopping is observed,
resulting in a much stronger slow down of diffusion with
decreasing temperature [39]. The DNA coating density
therefore appears to be a significant factor in determin-
ing how DNA-coated colloids move, allowing it to vary
from sliding to hopping.

8. Other possible modes of motion.

There are other ways that DNA-coated colloids could
move in specific experimental regimes, that could be
probed with the analytical tools set forth here, yet
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FIG. 7. Diffusion coefficients of DN A-coated col-
loids. Comparison between experimentally measured diffu-
sion coefficients of DNA-coated colloids on DNA-coated sur-
faces and analytical predictions of Deg, Dslide, and Dhop
(Equs. (15), (18) and (17)). The DNA-coated colloids have
(A) highly dense coatings (1 DNA per 10 nm?, Supplemen-
tary 2) (B) dense coatings (1 DNA per 27 nm?) from Ref. 31
and (C) sparse coatings (1 DNA per 144 nm?) from Ref. 39.
In (A) the gray region corresponds to uncertainties on the
coating density of the substrate, and the different symbols
correspond to repeated experiments repeated. The hydro-
dynamic diffusion Dy = kpT/127nR corresponds to lateral
diffusion near a flat rigid wall, where R is the radius of the
colloid and 7 the solution viscosity. Horizontal error bars cor-
respond to uncertainties on imposed temperature and vertical
error bars correspond to uncertainties in determining the dif-
fusion coefficient from data (Supplementary 2).

that we have not yet explored. At lower temperatures,
particles don’t diffuse, they rather subdiffuse [31, 39],
potentially due to inhomogeneities in the coated sur-
faces [31, 39, 42]. Such spatial dependencies are not ac-
counted for in our model but could be studied through
spatially dependent attachment rates gon(z) or leg num-
ber N(z).

Particles may also move by rolling instead of by slid-
ing [31], a motion that could also be investigated with
homogenization techniques. Rolling may have a higher
mobility at some temperatures [33, 54], since the strands
closest to the contact point on the surface do not resist
rolling, for geometrical reasons. Yet when a large num-
ber of bonds are implied in the binding process, numerous
bonds are actually far from the contact point and hence
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resist rolling. It is possible that rolling is thus favorable
only over a small range of temperatures.

Although our model lacks these more complex ingredi-
ents and geometries, it is in surprisingly good agreement
with our experimental measurements. This suggests we
have identified some critical parameters controlling the
observed effective diffusion, precisely the coating density
and working temperature as they set the number of legs
N. Even in a more complex model, containing e.g. inho-
mogeneous coating density, or rotational degrees of free-
dom, we therefore expect these parameters to play an
important role in mobility.

D. Design rules for sliding versus hopping

Herewith we can draw simple design rules for sliding
or hopping. Numerous, long wobbly legs with weak ad-
hesive bonds are well adapted for sliding. Short and stiff
legs with strong adhesive bonds facilitate hopping. DNA-
coated colloids offer various design features to control
their mobility: for example, larger particle size, higher
DNA coverage, and lower temperature all favor sliding.
Further control can be achieved by tuning the micro-
scopic features of the legs, such as their spring con-
stants k, for example by choosing the length of the lig-
and leg [38]. However, such control is especially hard
to achieve experimentally without changing other exper-
imental features at the same time. For example, current
coating processes generally result in less dense coatings
for longer legs [38].

Overall, these design rules allow one to tune artificial
systems to control their mobility. This could have con-
sequences in particular in the field of self-assembly of
artificial structures, where facilitated cohesive motion is
believed to be essential for long-range alignment [31-33].

III. COARSE-GRAINING UNDER DIFFERENT
MODELS AND ASSUMPTIONS

In the physical and biological systems we explored, the
range of physical parameters was quite broad, suggesting
that other scaling ansétze might be appropriate to study
long term dynamics. We review alternative approxima-
tions and modeling assumptions and compare them to
the predictions of the model presented in Section I. We
find that our model is the most general, encapsulating
perturbative results obtained with other approximations,
and that it is naturally modified to account for additional
features (such as arms as well as legs). To make the ar-
gument simpler, we mainly focus on a 1-legged caterpil-
lar; the comparisons should be similar for a multi-legged
caterpillar. Detailed coarse-graining steps are reported in
Supplementary 4. All results are summarized in Table A2
(displayed in the Appendix) and compared in Fig. 8.



A. Dynamics with inertia

One may include particle inertia with a small yet finite
mass m # 0, by starting with the underdamped Langevin
equations for the particle (rather than the overdamped
as we have done) — see Ref. 54. To understand the scales
associated with mass, one can compare the correlation
time of the particle’s velocity when spring recoil forces

m(

are at play, 7, ~ Izi’”km, to the time scale of observation

7 [54]. Coarse-grained dynamics require 7 = Z“kLTg
O(e), which is apparently coherent with a small mass.
Coarse-graining steps (Supplementary 4.1) lead to an

effective friction

I'ee =pol'o +pil'y. (20)

Notice that the effective friction is the arithmetic sum of
the frictions in each state — not the harmonic sum ob-
tained in Eq. (12) [72]. Eq. (20) is equivalent to Eq. (12)
in the limit where the friction correction is small, vog < T’
— see Fig. 8-B (yellow).

However, differences arise beyond this regime. For stiff
legs (v/T > 1, k/goaT > 1) one finds 'l ~ 0 while
I'egg ~ I'. This stark difference has an intuitive explana-
tion: the particle may not move when it is attached with
the stiff leg, but it can still move when it is unbound,
and therefore the effective friction should remain finite.
This is true unless the particle has significant inertia and
therefore does not have the time to accelerate within the
unbound periods. In fact, in the non-dimensionalization
we implicitely assumed that m /T’ = eLk7?/T'L, = I'/ke?,
such that the inertial relaxation time was in fact assumed
to be large compared to the time scale of velocity fluctu-
ations.

This drives the general question of how to account for
inertia in such systems, and whether inertia plays a role
in the macroscopic diffusion of nanocaterpillars. We will
address this question thoroughly in another paper [73],
in which we reconcile Eq. (20) and Eq. (12).

B. Choice of time-scale hierarchy

There are other choices for the ordering of time scales.
We review these below: we describe their experimental
relevance, then briefly examine the effective friction un-
der these different approximations and compare it to our
main result Eq. (12).

1. Fast leg dynamics compared to particle dynamics

One common approximation is to assume rapid leg dy-
namics compared to particle dynamics, with e = /T [51].
Such an approximation is consistent with numerous ex-
periments, as legs are typically short, hence fast because
of Stokes relation, compared to the large particles in-
vestigated (such as white blood cells [7] or DNA-coated
colloids [74]).
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With this assumption one typically relaxes the restric-
tion on lengthscales, as L ~ L,. The observation time-
scale is 7 = L?/Dg = T'/k and binding and unbind-
ing are taken to be fast compared to this time scale,
Jon ~ Qoft ~ 1/7€. One obtains (Supplementary 4.2.1)

1 po, m Vet
ﬁmﬁ_?+?@_r)' (21)
ff

€

Eq. (21) results in a small correction to the effective fric-
tion, of order e. It is equivalent to Eq. (12) in the limit
where Yo < T is small. The assumption € = v/T" ap-
pears thus quite restrictive as it implicitly also requires
to observe the system at long time scales compared to the
other time scales in the system. Furthermore, contrary
to Eq. (12) where the small parameter e disappears, here

1/T" is a first order expansion in € ~ yg/I. We
present Eq. (21) against Eq. (12) in Fig. 8-B (purple vs
black) and find that Eq. (21) is indeed only valid for small
values of v/T". Our choice of scaling e = L/L, can thus
account for a broad range of bare friction values. Ad-
ditionally, such an approach can only account for small
perturbations to the background mobility, while we find
perturbations over several orders of magnitude.

2. Fast leg dynamics compared to binding dynamics

Another approximation assumes fast leg relaxation dy-
namics compared to binding dynamics, k/v > ¢on, Goft
(and both are fast compared to particle dynamics). In



this case leg lengths are sampled from their equilibrium
distribution when they bind, corresponding to a “pre-
averaging” approximation. Leg lengths are not tracked
when they are unbound, allowing to speed up simula-
tions [22, 33, 51, 75]. This limit is relevant to describe
stiff legs, e.g. rigid polymers such as double stranded
DNA — see Table S1.
Coarse-graining gives (Supplementary 4.2.2)
1 Po D1

R F+r+7+£' (22)
The pre-averaged result Eq. (22) is comparable to
Eq. (12), yet misses the relaxation term involving 7i¢la
in veg. This confirms that 7:¢1%* originates from unbound
relaxation dynamics. This difference results in some dif-
ferences in Deg, depending on the microscopic parame-
ters (Fig. 8-B). Additionally, the pre-averaged limit may
be viewed as the limit regime for a nanocaterpillar with
a large number of legs, say N > 1, where on average 1
or 0 leg is bound to the surface, N, < 1. This typically
requires ¢on < goft < k/7, and indeed Eq. (15) converges
to the pre-averaged result in that limit (Supplementary
Fig S4).

The validity of pre-averaging is limited to the domain
Gons dot < k/7v. In systems such as DNA-coated col-
loids, binding rates gon, and gog may be manipulated
over orders of magnitude [76], by choosing the DNA
sequence or by adjusting temperature, potentially ac-
cessing gon > Qo > k:/ ~v at low temperatures. In
this regime, Eq. (12) predicts that the nanocaterpillar
is frozen in the bound state, while pre-averaged dynam-
ics still predict a non zero mobility. In these situations
pre-averaged dynamics are therefore not suitable. We
show later however that introducing numerous arms —
more generally a lot of binding partners — can extend the
validity range of pre-averaging.

8. Fast binding dynamics compared to leg dynamics

Finally, one can consider fast binding dynamics com-
pared to leg dynamics, gon,gog > k/7. Although this
limit is not often considered in simulations, it is relevant
for dense arrangements of receptor sites [74]. In fact as
the binding rate ., scales linearly with the concentra-
tion of receptors, it can increase by orders of magnitude
for a leg potentially in contact with a dense array of arms
— see Table S1.

Coarse-graining yields (Supplementary 4.2.3)

1
W - pfo + P1 (23)
= Ty +k (F22)

k qots

which is exactly what is expected in the limit gon, gogr =>
k/vin Eq. (12). Again, this highlights the physical mech-
anisms yielding the different contributions in 7eg. Here
the average bound time of the leg is small, n, < v/k,
and therefore does not contribute to Vefr.
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C. Arms and/or legs

The diversity of nanocaterpillars resides also in their
geometry: some particles have legs that attach to a sur-
face [77], some have no legs (or infinitesimally small legs),
with binding sites directly on the particle that attach
to outstretched receptors on the surface that we refer
to as arms [22, 51] (1 arm case in Table A2) and some
have both outstretched legs connecting to outstretched
arms [33] (arms and legs in Table A2).

1. Arms or legs

A particle with a leg or a bare particle attaching to an
arm (1-legged and l-armed respectively, see Table A2)
have nearly equivalent effective dynamics. The only dif-
ference resides in the interpretation of I' in the unbound
leg dynamics Eq. (2) — see Supplementary 4.3.1. For the
1-legged case, if the leg’s center of mass corresponds to
the point grafted to the particle, the unbound friction
coefficient is simply increased by the leg as I' — I' 4 7,
where I is the bare particle friction coefficient and ~ the
leg’s. If the leg’s center of mass is offset from the graft-
ing point on the surface, minor modifications have to be
made to Eq. (2) yet lead to very similar dynamics overall.
For the 1-armed case, we simply have the unbound fric-
tion coefficient I" to be the bare friction coefficient of the
particle. This justifies our approach in Sec. I, where we
ignore the details of the leg or arm location and simply
treat them as mathematically equivalent.

2. Arm and leg

A 1-legged particle attaching to 1 arm has slightly more
interesting dynamics. To investigate this case, we sim-
plify the problem and consider that the leg can bind
to the arm regardless of their relative location, with a
rigid rod of length lonq that bridges the gap between
the sticky points (see Fig. 8-A). In the bound state the
constraint is thus = + lieg — larm = lbonda. The relative
distance l,onq 1S unimportant and can be assumed to be
zero, and therefore this model effectively creates an arm
with the correct length each time the leg binds.

Although the model is simplistic, it is realistic in the
presence of a dense periodic array of arms and allows us
to compare the mechanical properties of this geometry
compared to a single leg or arm. We find using similar
coarse-graining techniques (Supplementary 4.3.2)

1 Do D1 Veft
=04 P where yega(1,1) = ot

Fieﬁg+arm T T Jr%fm(l’ 1) where 7y, H,l( ) 9
(24)

The added friction in the bound state is only half that
with a single leg or a single arm: friction is distributed
harmonically, like the effective spring constant of two



springs in series [78]. Slightly improved mobility is there-
fore achieved with both an arm and a leg, while the qual-
itative behavior of the original model is preserved.

8. Leg facing numerous arms

We now consider a leg that can bind to multiple arms
at the same time. As in the previous section, the M
arms do not have particular locations but rather appear
with the correct lengths when needed. In that case, the
binding rate depends on the number of bound legs. For a
given leg, the effective binding rate is (M — n)qon, where
n is the current number of bound legs, such that M —n
corresponds to the number of available binding sites. The
effective unbinding rate of each leg remains gog. Follow-
ing the formalism of arm and leg dynamics detailed above
(Supplementary 4.3.3) one finds that with M arms,

1 DM
leg+M arms ~
Fcf‘f r

Pma
r + Veff,l(Mv 1)

(25)

where paro = ot/ (Goft + Mgon) and par1 = 1 —paso are

the probabilities to have 0 or 1 bond. The added friction

Yeff,1 1S @ harmonic average when M is large
1 1 1

~ +

'Yeff,l(Ma 1) M>1 Yeff,M,1

, 26
Veff,1,1 ( )

with e 1 = k (i + %m) the effective

qoff qoff
1
qoff
We see that the factors implying the unbound relaxation
time 71°%% are modified in each case. We give the follow-
ing interpretation: the average unbound time for the leg
is 7y = 1/(M — 1)gon, due to M — 1 other available arms
to bind to. For the arms, 7, = oo as there are no other
legs to bind to once the only leg is bound. The harmonic
average in Eq. (26) highlights again that the leg-arm con-
figuration is mathematically similar to the effective force
of springs in series.

In the limit of a large number of arms M, the leg is
always bound to the surface (p; = 1) and the correction
to the bound state friction converges to

friction due to the leg vegr.1,1 = k ( + %) due to arms.

Yeft, 1 (M, 1) ——— e, 1(1,1) = v + i ) (27)
M—o0 qoff
which is the correction to the effective friction for the
pre-averaged result, Eq (22).
This limit is surprising. Sec I, Eq. (12) showed that for
a leg binding to a uniformly sticky surface, in the limit
where the leg is always bound (p; = 1), the nanocater-
pillar is frozen and Deg = 0. When the leg is bound to a
great many arms this is no longer the case: we recover the
diffusion coefficient associated with pre-averaging. We
interpret this discrepancy as follows. With many arms
binding to a leg, the particle may still move, even in a
parameter regime where the leg is always bound. In fact,
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the leg rapidly swaps between different arms, which have
different random lengths and hence apply different ran-
dom forces, causing the particle’s position to fluctuate.
Indeed, in Eq. (27) it is apparent that the remaining fric-
tion is due to arms and not to the leg. Swapping the
particle upside down, this is equivalent to a particle with
a large number M of legs binding to a uniformly sticky
surface, but where on average only 0 or 1 leg is bound
to the surface at a time. Therefore, this limit is equiva-
lent to the pre-averaged result: each time a new arm is
bound it is sampled from its equilibrium distribution —
as so many arms are within reach.

Simulations with M arms are presented in Fig. 8-C with
analytical solutions Eq. (25) (green colors). They indeed
converge to the pre-averaged result (pink). For consis-
tency, we also record the result of Ref. 51 (Eq. (2.48))
that corresponds to pre-averaging and assumes € = y/I".
It is plotted in Fig. 8-C (red) and agrees with our result
only over a limited range of parameters, corresponding
to the validity range of Ref. 51.

4.  Numerous legs facing numerous arms

N legs binding to M arms induce a long time effec-
tive friction that encapsulates the previous result for
M arms and that for N legs in Sec. ID (Supplemen-
tary 4.3.4). Eq. (15) still holds with adapted bond prob-
abilities p,, and Yeg in Eq. (16) is the harmonic average
between arm and leg contributions, (Yegn(M,N))™! =

—1 -1
Pyeff,M,n + Pyeff,N,n'

Overall, spanning different limits shows that our
methodology to investigate long time dynamics is ro-
bust, as it accounts for a broad range of physical param-
eters and a variety of geometries. It also justifies the use
of “pre-averaging” approximations (sampling leg lengths
from equilibrium distributions upon binding) to acceler-
ate simulations in specific situations. It also highlights
that taking limits of various parameters is subtle, and
care must be taken when doing so as the limits do not
commute in general.

CONCLUSION

When a particle is coated with ligands that bind and
unbind stochastically to receptors on a surface, the lig-
ands impart a random force to the particle each time
they bind, causing the particle to undergo a random
walk on long timescales. We constructed a model for
the coupled dynamics of such a nanocaterpillar and its
leg-like ligands, and derived an analytical expression for
the nanocaterpillar’s long-term effective diffusion coeffi-
cient as a function of the microscopic leg parameters. Our
simulations showed this expression is valid over a broad
range of parameters. Our expression predicts a dramatic
decrease in the diffusion coefficient, by several orders of



magnitude, as temperature decreases by a few degrees,
a prediction that is borne out in our experimental mea-
surements.

Our model allows us to distinguish between two modes
of motion, sliding and hopping, and to identify parame-
ters that govern which mode of motion is preferred, across
a wide range of biophysical systems. Typically, systems
with a large number of legs will slide, since the mean-
squared displacement due to hopping decreases exponen-
tially with the number of bound legs. Hopping is favored
for systems with short, stiff legs, and/or strong bonds.
Regardless of the mode of motion, the fast binding and
relaxation dynamics at the microscale result in an over-
all slow diffusion of the nanocaterpillar, sometimes many
times smaller than the background hydrodynamic diffu-
sion.

We derived the effective diffusivity for a range of other
models and scaling assumptions, which allowed us to
tease out e.g. the effect of having arms (flexible recep-
tors) as well as legs, having significantly more arms than
legs or wvice versa, having significant inertia, etc. In par-
ticular, we explored the validity range of specific approxi-
mations used to accelerate simulations, such as that upon
binding, leg lengths are sampled from their equilibrium
distributions [22, 33, 51]. We showed this approxima-
tion is valid for fast leg dynamics v/k < ¢on, gt in 1D,
or when binding to a great number of binding partners,
such as many arms, M > 1, yet its validity should be
reassessed in more complex geometries.

There are numerous ways to build upon our model to
address additional complexities within the same coarse-
graining framework. An important step would be to in-
corporate particle rotational degrees of freedom, and to
ask how rolling compares to hopping and sliding. Rolling
has been predicted to lead to a low effective friction in
systems with stiff legs, because it doesn’t require stretch-
ing legs at the contact point [33, 54]. While rolling has
been modeled in special situations, none of these account
for the full stochastic nature of the motion, nor do they
systematically derive a coarse-grained equation from mi-
croscopic parameters [41]. A systematic derivation of a
rolling diffusion coefficient would involve a few additional
mathematical subtleties beyond those that occur here,
such as including binding rates with spatial dependen-
cies to account for the variable separation between sur-
faces [79, 80], but we may nevertheless expect similar pa-
rameters (such as spring relaxation times and unbinding
rates) to discriminate between rolling and other modes
of motion.

Going further, other effects that could be studied in-
clude the details of binding kinetics, e.g. non-exponential
kinetics in DNA hybridization [81-83], which could also
impact the long time response [42]; mobility of the leg
roots, corresponding to fluidity of the bilayer [10, 84];
and out-of-equilibrium effects, such as white blood cells
streaming in blood flow [5, 80], active stepping of molec-
ular motors [49, 85, 86], or proteins that actively cleave
bonds on influenza A [17, 36]. Accounting for such ef-
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fects would require adapting bond dynamics to include
increased bond rigidity or bond lifetime in flow [3, 87-91];
binding kinetics coupled to the number of bonds [47, 49];
or memory effects associated with dead zones created by
cleaved bonds [26, 36, 52]. Importantly, such improve-
ments require carefully adapting binding rates to preserve
detailed balance and physical constraints [32, 79].

Furthermore, detailed hydrodynamic effects may be
important to describe certain kinds of nanocaterpillar
dynamics. We have accounted for hydrodynamics via
the bare friction coefficients (T', ), but these coefficients
themselves are coarse-grained, and in reality depend on
the distance of a nanocaterpillar to a surface [67] and
are coupled to the details of the polymer leg mesh. In-
deed, elasticity of the polymer mesh could modify the
particle’s mobility near the interface, as was predicted for
elastic membranes [92, 93]. A more detailed description
of the hydrodynamic flow near a nanocaterpillar could
help shed light on other systems where mobility through
fluid is mediated by slender legs, such as for the Vampire
amoeba [94].

Beyond its biophysical details, nanocaterpillar motion
resonates with other fields where mobility is determined
through adhesive contacts. For example, solid state
sliding friction is created by bonds breaking between
atoms. Close neighbor interactions between bonds, orig-
inating from mechanical interactions, can result in dra-
matic avalanches of bond breaking that change the slid-
ing motion [95, 96]. Similar correlations between nearby
bonds could be at play in some nanocaterpillars. For ex-
ample, in white blood cells, membrane tension mediates
bond-bond interactions [47, 48]. It is therefore interest-
ing to speculate whether avalanches of bond unbinding
could also occur for nanocaterpillar systems. Overall, the
mathematical framework of coarse-graining is well suited
to explore how microscopic features determine macro-
scopic modes of motion for nanocaterpillars and could
facilitate predictive capacity for materials design and bio-
physical systems.
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APPENDIX

Appendix A: Projection of the dynamics in the
bound state

To project the stochastic dynamics Eqns. (1) and (2)
in the bound case we use a formalism (and notations)
similar to Ref. 32; see also [60, 97]. This projection con-
sists in using stiff springs to impose each constraint, and
considering the limit where the spring constants go to in-
finity. The resulting projected equations can be obtained
by directly pursuing the steps below (without redoing the
reasoning with stiff springs).

We start from stochastic equations in the (z,l) space
and seek to project them on the constraint manifold, de-
fined by the constraint g(x,l) = « +1 — a2, = 0. The
constraint matrix is therefore

C= (Vo' = (1 1) : (28)

We obtain the projector

1
pP=1-ctcchytc= 5 : (29)
-1 1

Initially the dynamics of X = (z,1)” may be written as

dX =1 P—
= = —TIVU(X) + mﬂmz(t) (30)

where the potential U(X) = ki*/2, the noise 1, =

(nz,m)T and the friction matrix is
. ro
= (31)
0 v
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The projected friction and its Moore-Penrose pseudo-
inverse are

; (32)

with a square root

1 1 0
/T
VvI+7v 10 (34)

We obtain the projected dynamics

dX
— = - THVU(X) + V2T () (35)

where additional terms are needed if C is not constant
over the constraint manifold [60, 97]. One can check that
this exactly yields the bound dynamics Eq. (3), with n =
7, (this decomposition of the noise is not unique but this
does not impact the dynamics in a weak sense).

Appendix B: Numerical simulations

Stochastic simulations of particle and leg dynamics are
conducted using a custom made Fortran 90 routine. Fast
random number generation is performed according to a
Mersenne twister algorithm. Normally distributed ran-
dom numbers are used for particle displacement while
uniformly distributed random numbers are used to de-
termine binding events. Equations are simulated in their
non-dimensional form. The step dt was chosen to be
much small than all other time scales of the system. Typ-

3 — 1 s Gonl' gonl' v SR
ically dt = 155 mm( 2=, 4= & ). The system is sim

ulated for N7 = 10® time steps, and the simulation is
repeated over Nyu,s = 100 independent runs (with re-
newed random number seed).

To simulate binding and unbinding events, for each
leg, at each time step, we choose a random number R
uniformly distributed between 0 and 1 and then:

e if the leg is bound, and if R > g.gdt then the leg
becomes unbound. Otherwise it remains bound.

e if the leg is unbound, and if R > go,dt then the leg
becomes bound. Otherwise it remains unbound.

This simulation routine approximates well the expo-
nential binding dynamics expected from the continuous
equations since dt < q;ffl ,qor. To simulate all other
stochastic equations we use a standard Euler-Maruyama

discretization.
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TABLE A2. Summary of different models and their effective long time friction. The 1-leg case corresponds to a system where
the leg’s center of maqiéﬂ on the particle. Apart from the 1-leg case, we ignore differences between I' and T" to simplify
notations.

Model Sketch Result
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1 N-legged, one dimensional, caterpillar model

Note that unless specifically mentioned, in the entire supplementary information [ is used as a shortcut
notation for spring length relative to its rest length [ — [y.

1.1 Agreement of simulation and analytical results regardless of the value of ¢
for the 1-legged caterpillar

In Fig. S1 we present agreement between the effective diffusion evaluated using stochastic simulations and
evaluated with the analytical formula Eq. (12) of the main paper.
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Figure S1: Simulation results for different values of the non-dimensionalizing parameter ¢ = L/L, charac-
terizing the difference between the length scale of oscillations of legs L versus the length scale of particle
displacement L, for the case of a 1-legged caterpillar. Various values of the attachment rate ¢, are explored
(given in non-dimensional units k/T'e¢?). The other numerical parameters are v/T" = 0.1 and go = 0.8k /T€2.
The lines correspond to the analytical formula Eq. (12) of the main paper.

1.2 N legs facing a uniformly sticky surface
1.2.1 Method on an example: 2 legs facing a sticky surface

To investigate dynamics of caterpillars with multiple legs, we start by illustrating the framework on a 2 leg
system.

Projection of the dynamics in the bound state The first step is to write the projected dynamics in
the bound state. If there are 2 legs, when only 1 of them is bound, then the dynamics of the unbound leg are
completely independent of the bound one and the projected bound equations are the same as those reported
in the main paper. When 2 legs are bound however we must project again the dynamics. We therefore have
2 constraints ¢i(x,l1,l2) = z + 11 + 2,1 = 0 and g2(z,l1,l2) =  + lo + 2,2 = 0 where z, are reference
positions when either of the legs first form their bond. The constraint matrix is therefore

1 1 0

C =gt = . (S1.1)
1 01
We then get the projector
1 -1 -1
1
P=1-CT(cchtc = sl 11 (S1.2)
-1 1 1



The friction matrix is in the unbound configuration

r oo
'=]0 ~ 0 (S1.3)
0 0 v
giving a projected friction and its Moore-Penrose pseudo-inverse as
Ip=PIP =12p (S1.4)
Th = 3P (S1.5)
with a square root
1 00
UP:\/E:; -1 0 0. (S1.6)
VI +2y
-1 0 0

We obtain the projected dynamics

dx dll dlz k(ll +12) 2]€BT
R t 1.
dt dt i Trz T\Tr"® (SL.7)

where n(t) is a white Gaussian noise. The friction in the bound state is therefore naturally the sum of the
frictions I' 4 2.

Generator for the dynamics For 2 legs we can write the full generator (in non-dimensional scales)

£ = E%Cgf) + %ﬁ?) + [,gz). The generator is now an operator acting on a space of 4 states ( #1 has no
bond, #2 — 3 have 1 bond, where the leg 1 is bound in state #2 and reciprocally, and #4 has 2 bonds). The
lowest order generator is

_2QOH Gon Gon 0 g (Dl1 + Dlg)
Qoft —(qoff — Gon 0 Gon . LDl + El)l
ﬁgz) = O+Uy = +diag ;*7 ! FV :
Goft 0 —(qoff — qon Gon ;Dll + lez
0 qoff qoff 2QOff %2,}/ (7(11 + 12)(811 + alz) + (all + 812)2)
(S1.8)
where D;, = —1;0;, + 01,1, is an operator for the unbound tether i. The next orders are
L (1,0, — 208, 7= 0z
£§2) = diag F;:V( ' ) and Eéz) = diag F;'Y . (51.9)
m(baz - 26112) maxz
%2’*/(([1 + l2)893 - 2aml1 - Qa'vlg) %Q,Yawz
The equilibrium distribution is simply
(qoff/QOn)2
Goit/don | /2,223 (S1.10)
QOH/QOH
1



Long time solution We now seek a solution as an expansion in €, f = fy+¢€f1 +.... In a very similar way
as systematically observed in similar derivations we find fy = a(z,t) (1 1 1 1) at lowest order. The
associated equilibrium distribution is mg = 7. At the following order we need to solve EéQ) fi= —£(12) fo and
we will seek a natural solution (that strongly reflects the symmetry of the problem) as
uol1 + ugls
blll + Ullg
fi= 0za (S1.11)
U1l1 + bllg
baly + bala
where wu,, and b,, are constants that solve a linear system of equations (with non zero determinant), and u,
and b,, refer respectively to unbound and bound contributions with n bonds in the system. We do not report

the equation system here but will come to it later on. At the next order, to find a solution for f, we require
the Fredholm alternative, (9 fo — £(22)f0 — £(12)f1, mo) = 0, which gives

2 2
9o 2(]oﬁ‘ o Goff r

1) Oa = Ozg0 +2———— (1 —b1) Ogx 1 — 2bg) Oyy S1.12
(%4 200 4 1) g0 = 00,0 220 T (10 Ok (1= 2)Oea (8112

which can be rewritten as a weighted sum (in dimensional scales)

bo b1 b2
8ta = kBT (F + T4 + W) 819,;(1 (8113)

(1-b1) (1—2b2)

where py, is the probability to have k bonds (po = ¢%/Z, p1 = 2qotqon/Z and p2 = ¢2,/Z with po+p1 +p2 =
1). The above expression clearly shows that the effective inverse friction is a weighted sum of inverse friction

coefficients
2

2
1 Pn Pn
ST =Y o (S1.14)
Feﬁegs n=0 I n=0 (lfn’r;)’i)

We will show this expression for all N below. The linear system of equations solved by the uy and by can
now be given

r
—2¢onto + Gonb1 + gont1 — —ug = 0, (unbound contributions in the 0 bond state)
Y

r
Qoff U0 — offh1 — GonU1 + Jonbz — —u1 = 0, (unbound contributions in a 1 bond state)
Y

r T (S1.15)
- by — nb nb —=—0b = — =, b d tributi S i 1 bond stat
Qoff U0 — Goff01 — Gon01 + Gonb2 T+~ 1 T+~ (bound contributions in a 1 bond state)

Qoftb1 + Qo1 — 2qogba — 2 (bound contributions in the 2 bonds state).

'+ 2+ 2:7F—|—2'y’

Solving the above linear system yields lengthy expressions for b, and uj. One can show however that the
effective contributions for the bound states can be expanded as

Ty =T+ (1- 0(7;5)) Ty =T+ 2y (1+ 0(7;5)) (S1.16)

such that we find already some a linear scaling as I';, ~ I" + nyeg.

1.2.2 N legs

Projection of the dynamics with N legs. The projection formalism naturally extends to IV legs. For
n bound legs we find that the friction is simply I" + n-y, such that the projected dynamics are for the first n
bound legs

dx dll - - dln - kZ?:l(ll) 9 k’BT

(t). (S1.17)

dat 4t T dt [+ ny T +ny



System of equations for N legs The generator is now an operator acting on 2V states, and we order
these states according to their number of bonds (0 bonds, all 1 bond states, all 2 bonds states, ...). For N

legs we can write the full generator (in non-dimensional scales) £(N) = e%ﬁ(()N) + %ﬁﬁN) + EéN), where all

EEN) terms are very similar to the ones introduced for N = 2 and can be naturally generalized. Similarly
the equilibrium distribution is naturally extended as

—N 22 g
T=e i=1 ((qoff/qu)N (qoff/QOn)Nil (QOH/Qon)Nil (QOH/QOH)N72 1) ’ (Sl'l8>

Long time solution with N legs We now seek a solution as an expansion in €, f = fo +€f1 +.... In
a very similar way as systematically observed in similar derivations we find fo = a(x,t) (1 1) at
lowest order. The associated equilibrium distribution is g = 7. At the following order we need to solve

E(()N) fi= —EgN) fo and we will seek a natural solution (that strongly reflects the symmetry of the problem)
as

uoly + ugls + ... + ugly
bily +ugls + ... +urly
urly + bils + ... +urly
fi= Dza (S1.19)
boli + bals + usls... + usly

byli +bnlas + ... + byln

where u,, and b,, refer respectively to unbound and bound contributions with n bonds in the system. We
now seek the general system of equations satisfied by u, and b,. For a number of bonds n, consider that
a given focus tether is unbound, say 4. This will therefore allow us to obtain an equation on the unbound
contributions of that tether (that in /;) so primarily on u,. The tether is relaxing yielding a contribution
—%un. There are n possible bonds to undo leading to a contribution (—ngegu,). In any n — 1 bond
configurations starting from our initial configuration, the focus tether will still be unbound (u,_1), such that
we get an (+ngogun—1) contribution. There are N — n bonds to form (—(N — n)¢gonty). In forming bonds,

only 1 choice yields to bind the focus tether (gonbn+1) while the other forming bonds will not be the focus

tether (N —n — 1)gontn+1). The right hand side terms (from £§N) fo) corresponding to unbound tethers
are 0. This yields the first line of the system of equations Eq. (S1.20) below. If one considers a bound focus

tether, similarly one can derive contributions due to binding and unbinding. The bound relaxation terms
— F?rl;l"/ by). Additionally, the right hand side terms (coming from ﬁgN) fo) corresponding

to the unbound tether is _F-{m' We obtain

yield a contribution (

NQogUn—1 — NGoffUn — (N - n)QOnun + qonbn+1 + (N -—n—- 1)QOnun+1 - gun =0
Goff Un—1 + (n - 1)qoffbn—1 - n(IOffbn - (N - n)qonbn + (N - n)QOnbn—i-l - T Zrn,ybn = *1—‘ _{n’y
(S1.20)

The system Eq. (S1.20) applies for all n = 0..N, taking as boundary equations uy = 0 and by = 0.
Unfortunately the system does not simplify further but its determinant is non zero, showing that a non
trivial solution exists. We will study it further later but for now conclude on the long time solution. At the
next order, to find a solution for fs we require the Fredholm alternative, (9, fo — LgN) fo— E(lN) fi,m0) =0,
which yields after some algebraic manipulations (back in dimensional scales)

Po P1 P2 PN
(1—b1) (1-2b2) (1-Nbw)



(1:[)1)”(1—117)1\77”

where p,, = ~*————— with 2 = gon/qos is the probability to have n bonds. Writing in full generality
I'+ny
r,=———= S1.22
(1 —nby) ( )

we indeed recover Eq. (15) of the main manuscript. We also see that the coefficients I',, indeed correspond to
friction contributions in a state with n bonds as only n and b,,, that corresponds to the bound contributions,
intervene.

Resolution when the system is dominated by the average number of bonds We can search for
a closed (simpler) system for Eq. (S1.20) where the dominant terms will originate from the average number

of bonds N, = Zﬁrzo npn, = N qonqi’c‘loff. We assume that, around this average number, terms do not change

much (the_derivatives are close to 0), meaning we can approximate uy, ~ un,—1 =~ Un,+1 = U, and similarly
for by, = b leading to

n _ S1.23)
= N T _ I (
Qoftl — otth — FTR,50 = — 13,5

{_QOHU + QOHB - 51] =0

Solving the system for b and @ yields then the value of the friction coefficient for the average number of
bonds (back in dimensional scales)

' + Ny ( Gon
Ty, = ——= =T+ N (v+— 7= S1.24
b 1— Nyb Goff qoft ( )
Eq. (S1
solutio
103 £ | * Numerical solve ]
— Asymptotic model
Z.D
—~
21 ]
5 10
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= +
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Figure S2: Value of friction coefficient for the average number of bonds as evaluated using Eq. (S1.24) or
equivalently Eq. (15) of the main paper (“Asymptotic model”) and fully solving the system of equations
Eq. (S1.20) and presenting the value Iy, for the index n closest to Ny (“Numerical solve”). Here the values

of other parameters (in dimensional scales) are all set to 1 = % = % = L.

Empirical solution for an arbitrary number of bonds An interesting question is then to investigate
Ty, the effective friction contributing to the state with n bonds, in the large N (total number of legs)
limit. This requires solving the full system Eq. (S1.20). This system is not easily amenable to analytical
calculations, and instead we use it as a benchmark to explore a phenomenological law for I',,.

First, it is natural to assume that the correction I',, — I typically contains a term ny coming from added
friction of the n bonds (as is noted already in the projected dynamics). Then, recall forces are also exerting
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Figure S3: Value of friction coefficients I',, for all possible number of bonds (for a maximum of N = 500) as
evaluated using Eq. (51.27) (“Empirical model”) and fully solving for the system of equations Eq. (S1.20) and
presenting the values T',, (“Numerical Solve”). Index N, is highlighted in green in each plot, and calculated
from Eq. (16) . The “Asymptotic T',,” result corresponds to Eq. (S1.28). Here the values of other parameters
(in dimensional scales) are all set to 1 = % = % = £ unless another indication is given.

friction. Typically n bonds are exerting friction due to recall forces. Yet for this final contribution to I',,
the situation is not the same for n bonds as for N, bonds. Around n = Ny, the probabilities to be in a state
with one more bond or one bond less are more or less the same, p(N, — 1) ~ p(Ny) ~ p(Np + 1). For n
bonds, we have in general (for example investigating the probability to undo a bond)

pn) ()P —po)¥ "
pin =1 (E)pp ™ (1 —po)N =t
_ ()P (1 = po)™ "po (51.25)
(%) w=apb (1= po)¥ =" (1 — po)
_ p N-n+1 N, N-n+l
(1 —po) n  N-N, n

We expect that the typical time over which the spring resistance acts 7eg has to be modified by the propensity
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to unbind (coming from the state with n bonds) as Tog — 7ot . We obtain, wrapping up all contributions

which explicitly writes as

N —N, n[l wqonD (S1.27)
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Eq. (51.27) is compared to the full solution of the linear system in Fig. S3. We find excellent agreement over
a broad range of parameters. Notice that also around n ~ N; and for N, < N we find the limit behavior

k on
qoff qoft

which allows us to recover, as anticipated, the result for n = N, of Eq. (16) .

2 Comparison to experimental data for diffusion of DNA-coated
colloids

2.1 Experimental data for the diffusion of DN A-coated colloids: I. Additional
data

2.1.1 Preparation of material

DNA coated polystyrene colloids We synthesize DNA-coated polystyrene (PS) spheres using the
swelling/deswelling method reported in Ref. [1]. Polystyrene-b-poly(ethylene oxide) copolymer PS(3800
g/mol)-b-PEO(6500 g/mol) is purchased from Polymer Source Inc, and is first functionalized with azide at the
end of the PEO chain [2]. PS-b-PEO-N3 are then attached to the PS particles using the swelling/deswelling
method. In the synthesis, 15 uL of 1um particles (10 w/v, purchased from Thermo Scientific), 125 uL
Deionized (DI) water, 160 uL tetrahydrofuran (THF) and 100 uL of PS-b-PEO-N3 are mixed at room tem-
perature. The mixture is placed on a horizontal shaker (1000 rpm) for 1.5 hours to fully swell the PS particles
and absorb the PS block of the PS-b-PEO-N3 molecules. Then THF is slowly removed from the solution
via evaporation by adding DI water, leaving the hydrophobic PS blocks physically inserted into the particles
and the hydrophilic PEO chains extending out into the solution. The particles are washed with DI water
three times to remove excess polymers.

Single stranded DNA (ssDNA, 20 bases, purchased from Integrated DNA Technologies) with 5 diben-
zocyclooctyne (DBCO) end modification, is clicked to the N3 (at the end of PS-b-PEO-N3) through strain
promoted alkyne-azide cycloaddition [1]. PS particles previously coated with the PS-b-PEO-N3 polymer
brush are dispersed in 200 pL of 500 mM PBS buffer, at pH 7.4. Then 10 uL of DBCO-DNA (0.1 mM)
are added to the suspension. The mixture is left to react for 48 hours on a horizontal shaker (1000 rpm).
The final product is washed in DI water three times and stored in 140 mM PBS buffer. The DNA coverage
density is measured using flow cytometry and we obtain ¢ = 1/(3.27 nm?). The DNA sequence used on the
colloids is 5’-/DBCO/-T14-ACCGCA-3'.

DNA coated glass substrate DNA coated substrates are prepared using the same swelling/deswelling
method. First, an ultra thin PS layer is spin-coated to a cleaned 22 mm x 22 mm glass coverslip (purchased
from Bioscience Tools). The substrate is then swelled in the same PS-b-PEO-N3 solution in THF for 4
hours. Then THF is slowly removed from the solution via evaporation. DNA clicking is performed in a
home made PDMS reaction chamber for 48 hours on a shaking stage, then washed 10 times in DI water to
remove extra DNA. The entire sample is sealed in the 140 mM PBS buffer (ph 7.4) with 0.3% w/v pluronic
F127 surfactants, using UV glue to avoid any external flow or evaporation of the buffer. The DNA sequence
used on the glass substrate is complementary to that on the particles, 5-/DBCO/-T14-TGCGGT-3.



2.1.2 Tracking DNA coated colloids

Particle positions measurements To study the diffusion of DNA coated colloids, we track the motion
of about 500 particles as they bind and diffuse on the DNA coated substrate — see Fig. S4-A. The sample
is mounted on a homemade lab microscope (Nikon Eclipse Ti 60X, 72nm pixel size, depth of focus 560 nm)
thermal stage with a temperature controller. Tracer particles fixed on the substrate are used to substract
camera drift during the tracking. Displacement measurements are performed by tracking particles over the
temperature range 28-62 °C — see Fig. S4-B. At each temperature, particles are tracked over a time range
of 20 min at a frame rate of 5 images per second. For the highest temperature reported here, T' = 59.1 °C,
particles diffuse faster and we only track them over 5 min, with 10 images per second. Images are then
analyzed using the TrackPy software to obtain individual particle positions with time. Particles that do not
move at all even at high temperatures are removed from the analysis. These particles are likely in a low
density area where steric repulsion is not sufficient to screen van der Waals attraction, and therefore are
“crashed” on the surface.

A Optical
Microscope

Polystyrene

Polystyrene

Glass

0 10 20 3
x[px]

Figure S4: Experimental setup to measure diffusion of DN A-coated colloids on DNA-coated
surfaces. (A) Schematic of a DNA-coated colloid attaching to a DNA-coated substrate, with the specific
DNA sequence used in this study. Diffusion of the colloids is tracked from on-top. (B) Example of a colloid
trajectory over an 18 min time frame (in blue) overlaid on the bright-field microscope image corresponding
to the colloid’s initial position. Here 1 px corresponds to 0.108 pm.

Mean square displacement analysis We fit the ensemble mean-squared displacement to a power law
as < x2(t) >= 4Dt®, where x is the position of each particle on the surface plane, using a linear regression
in log space to get the diffusion coefficient D and the power on time a. Typically, o decreases from ~ 1
at high temperatures to values < 1 at lower temperatures. Around the melting transition however, there
exists a window of a few degrees where the motion is diffusive and we obtained 1.02 > a > 0.94. On
this temperature window we then fix @« = 1 and the effective diffusivity D.g is obtained by fitting the
ensemble-averaged mean-square displacement to the power law (x%(t)) = 4Dgt.

Melting curve To compare different measurements with one another we define a kinetic melting temper-
ature. This temperature T}, corresponds to the temperature for which the measured diffusion coefficient is
half that of the high temperature diffusion coefficient (the latter corresponding to the hydrodynamic diffusion
coefficient).

Reproducibility and error bars The entire experimental process (synthesis and mean square displace-
ment measurements) are reproduced 3 times and the results are reported with different symbols in Fig. 7TA
of the main manuscript. Note that the synthesis is performed with slight variations of the coating process
(shaking time), yet very similar behavior is obtained — for example the melting temperatures for each of



the samples are within 3°C of each other. Such disparity in melting temperature can occur due to density
differences originating while performing the same synthesis and hence we do not report further details here.

As the average for D.g is calculated over a great number of particles, the typical error on Deg, for example
due to the fitting procedure, is very small — typically smaller than the size of the points used to represent
data and also much smaller than intrinsic disparities from sample to sample due to density fluctuations on
the surface coverage during sample preparation. Therefore we do not report any vertical error bars. The
exact temperature measured can slightly fluctuate, due to potential drift of the temperature controller, thus
it is reasonable to assume a 0.2°C error bar on each experimental data point.

2.2 Experimental data for the diffusion of DNA-coated colloids: II. Existing
data

Diffusion of DNA-coated colloids from existing data was obtained from 2 published references [3, 4].

High coating density diffusion coefficients from Ref. [4] Diffusion coefficients from Ref. [4] were
obtained by fitting a linear law through extracted mean square displacement data using WebPlotDigitizer [5]
— when the diffusion exponent « is greater than ~ 0.8. Mean square displacement data in Ref. [4] represents
the projected mean square displacement (r?) covered on a half-sphere, when the displacement on the half-
sphere is observed from on-top. The actual surface covered (x?) is therefore larger than that measured on
the projected area, and we can write (%) = A(r?) where A is an area correction number. If the particle
covers the entire area typically A ~ 2 since 2rR? is the actual area of the half sphere of radius R, and 7R?
is the projected area. This typically accounts for the fact that the particles does not spend the same amount
of time on the sides of the half-sphere and on the top, and that on the sides displacements can be fully
orthogonal to the observation projection plane. Additionally, since motion is constrained to the half-sphere,
in practice the random walk is constrained and folded back onto the sphere. If it were unconstrained on the
sphere we would typically have 47 R? of area covered projected on mR? so we take A = 4 as an upper bound
on A. A = 2is our lower bound. These bounds allow us to define error bars for the diffusion data of Ref. [4].
Again, considering potential density fluctuations on either surfaces and other experimental uncertainties due
to calibration of the temperature controller, it is reasonable to assume a 0.2°C error bar on each experimental
data point.

The detailed parameters of the DNA-coated colloids used in Ref. [4] are provided in that reference and we
use their specific values to perform analytical predictions for Deg, see details below. The melting temperature
in Ref. [4] is defined as the temperature for which the fraction of single particles is 50%, since the particles
can self-assemble in arrays. This is a typical thermodynamic quantity hence we use a the thermodynamic
definition of melting [6]

unbound T

€ 1 hc
pRes Z/ o @) /KT gp, (S2.1)
0

where ¢(h) is a particle-particle interaction potential, A, ~ 20 nm is a typical interaction range and Z a
normalization constant. We find without any fitting that 7' = 25.3°C which is not too far from the
experimental melting temperature T}, = 28.9°C. The difference is likely due to the slightly different method

used to quantify T,,,. We align experimental data relative to T}, and theoretical data relative to T\he°.

Low coating density diffusion coefficients from Ref. [3] Ref. [3] provides the diffusion coefficients for
their DNA-coated particles above the melting temperature 7}, = 44.7°C as D.g(47° C) = 0.38 pum? /s, and
at the melting temperature Deg(44.7° C) = 1.4 x 1073 pm?/s. Additionally, for the data provided 0.27° C
below T,,, the exponent for diffusion is @ ~ 0.8 and we can estimate the diffusion coefficient from a linear
fit to the data. We obtain D.g(44.5° C) = % =0.25 x 1073 pm?/s.

The detailed parameters of the DNA-coated colloids used in Ref. [3] are provided in that reference and
we use their respective values to perform analytical predictions for D.g, see details below. The melting
temperature in Ref. [3] is defined as the temperature for which the fraction of moving particles is 50%, where
“ Moving is defined as a displacement larger than 50 nm (1 pixel) between frames (frame rate = 1 Hz)”. We
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can relate to this moving quantity by defining the unbound probability as

Ref. [3] Al‘max
ot [ ATmax S2.2
Punbound er (\/m> ( )

measuring the probability that a step is larger than Az, = 50 nm during a time interval Aty . = 1's
where the diffusion coefficient of the particle is Deg. Here we use Dqg as predicted by hopping motion only
since only hopping is occurring in this sample due to geometrical constraints. We find TtP° = 44.2°C close
to the experimental measurement of 7,,, = 44.7°C. We align experimental data relative to 7T,,, and theoretical
data relative to 7", In line with previous analysis we also add 0.2°C error bar on each experimental data
point.

2.3 Modeling tools for DN A-coated colloids
2.3.1 Number of legs and average number of bonds

To evaluate Deg from Eq. (15) , we must evaluate the parameters of the 1D nanocaterpillar model. As
mentioned in the main manuscript, some parameters, such as N and N, (or equivalently N and the ratio
Gon/qoft) Tequire careful modeling of the detailed leg-arm interactions [6] to be estimated.

We thus calculate the detailed DNA-DNA brush interactions, accounting for leg density, leg length and
DNA sequence, by evaluating the interaction energy ¢(h) of the DNA-coated colloid with another coated
surface at separation distance h. Following Ref. [6], ¢(h) includes repulsive steric interactions [7] and
attractive binding interactions, with entropic terms due to loss of degrees of freedom upon binding and
competition for binding partners [8].
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Figure S5: Number of legs N and average number of bonds N, involved in the binding process
predicted from theory. N and NN, are evaluated from detailed microscopic interactions for each system
corresponding to detailed design parameters of DNA-coated colloids used (A) in this work (B) in Ref. [4]
and (C) in Ref. [3].
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All parameters are precisely known in the experimental system, but one: the coating density. We can
estimate it by looking at the thermodynamic unbound probability obtained from the Boltzmann distribution
as Py, ~ th° e~ P¢(M)dh, and comparing it to the similar quantity calculated experimentally. The experimental
data shows that the unbound probability transitions around T}, = 55—58° C which corresponds to theoretical
curves obtained with a surface density ranging from 1 DNA per (9 nm)? to (12 nm)?. We therefore use 1
DNA per (10.5 nm)? as a center value and the extremal values to calculate a fidelity interval for Dog (gray
area in Fig. 6A). These obtained values are within the range of expected values [6].

The average number of bonds N, (gold in Fig. S5) and the number of legs within reach N (dashed black)
with respect to temperature are then readily evaluated from the model leading to ¢(h). The number of
bonds at the melting temperature is only Ny(T},) =~ 10 while the number of available legs can be quite high
N(T,,) ~ 100. The number of bonds N, increases strongly with decreasing temperature, from 0 to 40 over
the 4°C window, thus potentially accounting for most of the decrease in diffusion.

2.3.2 3D geometry
In general the particle can explore positions not just in one dimension but in 3D. Here we discuss how to

take into account this full geometry.

Second lateral dimension The second lateral dimension is — to some extent — a trivial extension of the
1-lateral dimension model derived in the main manuscript. We consider the constitutive equations for the leg
and the particle in 2 lateral dimensions (z,y), simplifying here to £y = 0, namely considering that the rest
state of the tether lies right above the surface and that deformations are still quadratic in the leg extension.
We have
d _ kil kpT
o = 5l /2% m
de _ kpT
G = /275 e

The leg extension [ is readily projected on both coordinates:
l
|l\m =1=lu, +lyu,

and similarly for the noise operators. We obtain

dl, _ _k kpT
ar = ol /27

dx; __ kT
d$t = 4 2%773077;.

where i = (z,y) refers to both lateral dimensions. The equations are fully uncoupled and hence it is not
necessary to conduct further calculations to conclude that the effective long time motion should write as

dx
E =4 2Deﬂ‘77w .

where D.g has the same expression as in the main manuscript.

Vertical dimension The particle may also venture far from the surface, where binding is not possible.
To account for this 3D geometry, we use an extension of our main model.

One option to account for such a 2D dependence is to add a vertical degree of freedom say z for the
particle, together with spatially dependent rates qon(2), ot (2). This is not a trivial modification, especially
as there are different ways to set the spatial dependence z of ¢on(2), gori(2) (see for example the variability
between Refs. [9, 10, 11]).

Instead we rely on a simplified geometrical approach, that has been shown to accurately reproduce a 2D
geometry in another context [12], where we describe the system with 2 x 1D lines. For a 1-legged particle,
we consider that the particle can switch between two regions where its dynamics are constrained to 1D:
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surface and bulk regions. The particle enters the surface region with rate Qo,, and then can bind to the
surface with rate gon. If the particle is unbound in the surface region, it may lift off from the surface region
to the bulk region with rate Q. Qon corresponds to the ratio of positions where the receptors are within
and beyond reach. In DNA-coated colloid explorations, where particles are considered on top of a sticky
surface, the ratio can be small or large depending on the density mismatch between the particle material
and the surrounding fluid, that is otherwise described by the particle’s gravitational height [3]. For other
systems, such as white blood cells that are confined within blood vessels, particles are always close to the
wall [13] and hence the ratio is quite large. Approach and lift-off from the surface are slow processes that
scale like the diffusive dynamics of the particle and thus we may assume Q;7 ~ O.(1).
Performing similar coarse-graining steps (see following paragraph), we obtain an effective friction

1 2x1D p2><1D

Do 1
— S2.3
| Lo * I (52:3)
where the probability to be in either states takes into account the added degree of freedom, p?x D — Qongon /Z

and p(Q)“D = ot (Qon + Qofr)/Z with Z a normalization constant such that p%“D +pr1D = 1. The added
degree of freedom does not change the result of Eq. (12) , simply the mathematical interpretation of the
probability factors. Note that this framework has been verified against numerical simulations.

The values of Qo and Qo can be evaluated from the detailed interaction potential ¢(h) of a DNA-coated
colloid and the surface. In fact, the probability to be near the surface, in the absence of binding, is measured
by

Qon /hp —B(p(h)—bnina(h))
_— = e wd\)dqh /7 S2.4
Qon + Qoff 0 / ( )

where ¢ning(h) measures the contributions to the interaction potential due to binding, h;, ~ 20 nm measures
the typical width of attractive interactions (region of space where binding could happen) and Z is a nor-

malizing factor. For our DNA-coated colloids we find % ~ 0.0015 and that the ratio does not depend

much on temperature. It also does not depend significantly on the exact value of h, for h, = 2 — 40 nm.
For an N-legged caterpillar, the result generalizes to a change in the probability factors p, in Eq. (15)
for Deg. We have p%“D = ¢V (Qon + Qo) /Z and p2*1P = (Z)qé\éf_"q(’}nQon/Z such that Z = Qon(gon +

QOff)N + Qofchl)\é“
2.3.3 2x1D, 1 legged nanocaterpillar model

In this section we derive the effective 1-legged long term caterpillar dynamics in an effective “2D” geometry
by using the 2x1D mapping. The steps are carefully detailed so as to serve as an additional pedagogical
explanation of the coarse-graining procedure introduced in the main text.

Constitutive equations of the 2x1D, 1-legged caterpillar model Let p(z,l,t) = (pv,pu,ps)’ be
the probability distribution function of finding the system at time ¢ in state z, ! far from the surface (V), or
close to the surface with a bound (b) or an unbound (u) leg. It obeys the Schmoluchowski equation

Op = L*p with L* = Q" +U* (S52.5)

where Q* is the matrix of rates to going from one state to another

_Qon Qoff 0
Q= Qon —Qoff — Gon qoff (826)
0 Gon —(off

and U* contains the dynamics in each state

al (%(l - ZO) + k%al) + ]CBTTamm
U =diag | 9, (g(z )+ ’%al) +ETo, . (S2.7)

(0= 02) (v = lo) + 122 (0 — 02))
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e—ﬁk(l—10)2/2 <Qoff

T
Consistently, the equilibrium distribution 7 = - ‘107*1) is indeed a stationary solution

Qo> ? goff
of Eq. (S2.5). Note that here Q. and Q. represent respectively the rates at which the particle approaches

and leaves the vicinity of the surface, namely the region of space where binding is possible.

Non-dimensionalization Using the non-dimensional notation introduced in the main text allows to sep-
arate the Schmoluchowski operator £* in fast and slow operators. In the following, it will be somewhat
easier to conduct the reasoning not on £* but on its adjoint L, the generator of the system, defined such
that for appropriate functions f, we have (f, L*p) = (Lf,p), where (f,q) = [[(fvgv + fugu + fogs)dldz is
the inner product. We therefore seek a solution f of the dynamics

of=Lf= <:2LO + %al + 52) (S2.8)
where
2(—10y + ) 0 0
Ly = 0 ~Gon + = (—10; + Ou) Gon , (S2.9)
0 Qoft —qoft + %(*laz + Ou)
L, = diag (0,07 FLH (10, — 2alm)> (S2.10)
and
—Qon  Qon 0 .
Ly=| Qo —Qox 0 [ +diag (1, L, Fﬂ) Oz (S2.11)
0 0 0

Additionally, f has to satisfy boundary conditions of no flux at infinity
Af(x, L, t)i=t00 =0 (S2.12)

which correspond to the usual no flux in probability space (where the flux in probability space satisfies
(Ip+ 91p) li=+00 = 0). This condition is physical as it imposes conservation of probability. Note that we
expect these boundary conditions to be satisfied only at lowest order in €.

Homogenization We seek a solution to Eq. (S2.8) as an expansion in the small parameter ¢, as f =
fot+efi +efo+ ... At lowest order we need to satisfy Ly fy = 0 which yields the general solution

av(z,t) . by (x,t)
fo= 1 as(x,t) +/ ey2/2dy bs(x,t) (S2.13)
0
ag(z,t) bs(z,t)

where ag, ay,bs and by are all integration “constants” and S and V denote surface and volume terms. With
the boundary conditions on f we get bg(x,t) = by (z,t) = 0. Note that such boundary conditions also allow
the cross product (fp, 7) to remain finite which will be expected later to use the Fredholm alternative.

The associated equilibrium distribution at lowest order 7wy spans a two dimensional space described by
(mo,v (x,t), mo,5(x, 1)) such that

X mo,v (z,t)
T =7 | ms(z,t)) e /2, (52.14)

mo,5(2, 1))

We therefore expect that our long time dynamics will consist in a 2 x 2 matrix describing the joint evolution
of surface variables (ag(z,t)) and volume variables (ay (z,t)).
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At the next order we need to satisfy Lofi = —Li1fo. f1 is the sum of a particular integral and a
complementary function (i.e. a function in the nullspace of £y). The complementary function can be taken
to be 0 otherwise fi; would contain terms that are redundant with fy. One can check that the particular
integral to this equation is simply

0
10.a
— ) S2.15
h Von I'(1 4 gost) + 7(qon + Gor) ( )
'+ vgon

At the following order we need to find a solution to Lofs = 0;fo — L2fo — L£1f1- This equation has a
solution if the right hand side terms of the equal sign satisfy the Fredholm alternative [14], namely

(Ocfo — L2fo — L1 fr,m0) = 0. (S2.16)

As 7y spans a 2D space described by (7o v (2,t), 70, s(x,t)) we can evaluate the Fredholm alternative on an
orthogonal basis of this space; specifically here we will investigate the Fredholm alternative on (1,0) then
(0,1). On the volume space we have

Oray = Oppay — Qonay + Qonas. (S2.17)

On the surface space the terms are more lengthy and we split them for readability

(Or fo,m0) = <1 + %n) Oras, (S2.18)
Goff
(L2fo,0) = —Qontts + Qonay + Dapas + Z Ouutt (S2.19)
off
and finally
on F on
(L1f1,m0) = — 4 + 4 Orz0s. (S2.20)

Qoff F(l + qoff) + V(qon + QOH)

Compiling all contributions on the surface we find

Oras = Qoﬁ"aS + Qoffav
Goft qoff I (8221)
+ ———0Oyzas + 9 ae.
Goff T Gon v ts Goff + Gon I + WM zxdS

qotf

Overall we have found effective long time dynamics described by the generator (in dimensional scales)

_Q + kBTa Q
Lo = o o o o , such that d;a = Lega. (S2.22)
Gotf _ Gott
Qoft Gon+qott Qoft Gon+qott + F[jff Oz

Here Fe_ﬁ} = pOFg1 —l—plFl_l withTg =1,y =T ++y+k (quff + %ﬁ) , Do = Goft/ (Qoft + on ) is the probability
to have no bond near the surface and p; = 1 — pg is the probability to have 1 bond near the surface. Note
that the expression of I'eg is exactly that when focusing only on surface dynamics and discarding effective 2D
dynamics (see Eq. (12) of the main paper). This shows that homogenization steps in the embedded 2x1D
geometry do not entangle with surface dynamics. To understand the meaning of this effective generator, we

go one step further.

Long (long) times We now wish to understand the long time dynamics of the generator Log. We search
for long (long) time dynamics by using a non-dimensionalization that seeks even longer times as

t—is, x— 7L, (S2.23)
€
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where 7 = L2/Dy = L2I'/kpT and L,/L, = 1/+/€ corresponds to the far horizontal scales x is going to
explore (compared to the shorter vertical scales). Qon and Qog are typically associated with the time scale
that the particle takes to diffuse vertically and therefore Q,,7 ~ 1 and likewise Qg7 ~ 1. We obtain the
non-dimensional generator

1 - 0, 0 1
Log = ~ Q;)n Qonq + TT . — E'CO + L4 (82.24)
off off
Qoft don+qotr —Qofr Gon+qoft 0 Tetr O

and we search for a solution f of the equation 0;f = Legf expanded in € as f = fo +€f1 + ...

1
At lowest order we obtain from Lgfo = 0, fo = a(z,t) , with the associated equilibrium distribution

1 Qott
7o = 5 Qott Gon+dort | (S2.25)
Qon

At the next order we need to satisfy the Fredholm alternative, namely (9 fo — L1 fo, m0) = 0 leading to (back

in dimensional scales)

kT

= T2x1D
7

875“ 8x;va (8226)

where

1 1 n n 1
_ QOHQOH ~ 4 Qo (QO +QOH) ) (8227)

sz?;lD QofoOff + Qon (qon + QOH) r Qoffqoff + C'20n (qon + qoff) Feﬂ

Expanding terms with the expression of I'eg and rearranging we can summarize the result in the explicit
form, similarly as in Eq. (12) of the main paper,

1 p(Q)XlD p%XID
= S2.28
r2P Ty * Iy ( )
where
pRXID _ W and p2<10 — QOHZ%“ (52.29)

are the probabilities to have respectively 0 and 1 bond, Z = (Qoft + Qon)dott + Qongon and Iy = T' is the
friction in the unbound state and I'y =T 4+ v + k (i + %ﬁ) is that contributing to the bound state. A

qoff
similar result for an IV legged caterpillar, simply adapting the probabilities, is thus used to quantify diffusion

of DNA-coated colloids on surfaces.
To recover surface only dynamics, one simply has to take Qon/Qor — o0 in the above expression. In
that case one can easily obtain the surface only effective friction Eq. (12) of the main text.
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3 List of parameters for typical biological and artificial systems

Quantity

| Range of values |

Details

DNA coated colloids - low coverage large colloids

Low coverage streptavidin beads of [3]
Viscosity of water at the melting temperature 44 °C
estimated with for double stranded DNA, 60 nucleotides [15]
k~ 3% where [, >~ 3.4 nm is the typical persistence length corresponding to 10
base pairs in a helix and L ~ 60(l;/10) ~ 20 nm [3]

from gon ~ kono/aN 4 with kon = 2.2 x 10611 (44.7 °C) (value predicted
from Ref. [16] for the CCAAGTTATGA sequence used in [3], measurements on
sequences with a similar number of bases show slightly lower hybridization
rates [17])

estimated unbinding rate around the melting temperature with a bound
probability of 10% (evaluated using full potential profile estimates following [6]).
Expected gog ™~ gon at lower temperatures

coating density [3]
at the melting temperature [3]

calculated as Do = kpT/127nR with T = 44 °C (since close to the surface,
longitudinal friction is doubled due to hydrodynamic interactions)

diffusion decrease factor, calculated with range of above values

estimated from N ~ 2w Rho taking h ~ a/3 the typical penetration length of the
layers, and density limited by the surface density, probably in the lower range
o =1/(16 nm)?2

number of involved legs at the melting point, using the methodology described in
Ref. [6]. Taking symmetric (particle and flat surface) density with o = 1/(17 nm)?
and the exact DNA sequences and polymer types detailed in Ref. [3]

calculated with Dy, = Doqé\&/(qoff + gon)™V with values above.

colloids

R 525 nm

n 0.0006Pa.s

a 10 — 15 nm

k 1x107* N/m

Gon 2500 s~1

doff 25000 s~ !

o 1/(12 nm—18 nm)?
1.4 x 1073 pum?2 /s

Dy 0.37 um? /s

Dy/D 270

N 40 — 70

N(Tm) 40

Do /Dhop 45 — 800

DNA coated colloids - high coverage large

R 500 nm

n 0.0005Pa.s

a 13 — 18 nm

k 2 x 107* N/m

Jon 1.3—1.9x 10* s71

doff 1.3-1.9x%x10% s~

o 1/(3.27 nm)?2

140 — 190

High coverage beads of [6]
Viscosity of water at melting temperatures 50-60 °C

measured lengths of 6.5 k PEO strands tethered with 20 nucleotides of single
stranded DNA [6]

k ~ 355;; expected spring constant with £, ~ 0.5 nm and L = 80 nm (mixed
brush with PEO and DNA)
from gon ~ kono/aN 4 with kon = 1.6 x 106M~1s~1 (55 °C) (value predicted
from Ref. [16] for the ACCGCA sequence used in [6])
estimated unbinding rate at the melting temperature with a bound probability of

10% (evaluated using full potential profile estimates following [6]). Expected
off ™ Qon at lower temperatures

measured coating density [6]

estimated from N ~ 27 Rho taking h ~ a/3 the typical penetration length of the
layers, and density limited by the surface density, probably in the lower range
o =1/(10 nm)?

Table S1: Parameter values for DNA coated colloids (large colloids)
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Quantity

Range of values

Details

DNA coated nanoparticles

R
n
a
k

qon

qoff

q

Quantity

7.5 nm
0.0006Pa.s
10 nm

2x107* N/m
2x10% 571

2 x 10% 51

1/(3 nm)?
15-20

Gold nanoparticles of Ref. [18]
Viscosity of water at the melting temperature 44 °C
Estimated in Ref. [18]
k ~ 3% where [, >~ 3.4 nm is the typical persistence length corresponding to 10
base pairs in a helix and L ~ 30(/;/10) ~ 10 nm [18]

from gon ~ kono/aN 4 with kon = 1.0 X 1060 —1s—1 (44 °C) (value predicted
from Ref. [16] for the CGCG sequence used in [18])

estimated unbinding rate around the melting temperature with a bound
probability of 10% (evaluated using full potential profile estimates following [6]).
Expected goff ™~ gon at lower temperatures

from 80 strands/ 15 nm particle [19]

estimated from N ~ 27 Reghoeg taking h ~ a/3 the typical penetration length of
the layers, effective radius of coated nanocolloid Reg = R + h and density at the
outer layer oo = URQ/Rgﬁf

Table S2: Parameter values for DNA coated nanoparticles

Range of values

Details

Leukocyte adhesion mediated by P-selectin or L-selectin

R 4.15 pm typical cell size [20]
n 0.001Pa.s typical physiological conditions [21]
a 300 nm typical microvillus length [22]
k 4x1075 —5x typical spring constant of microvilli [22] up to spring constant of the bond itself
1072 N/m (excluding microvilli) [23]

Ny 1-2 typical number of contacts [24, 25]
o 15 — 30 yum—2 typical density of ligands [26, 25]

40 — 80 calculated from N ~ 27 Rho taking h ~ a/3 the typical penetration length of the

layers. Coherent with Ref. [27].
P-selectin
Qon 4—-300s"1 from gon ~ kona/a/\fA with measured binding rates
kon = (4 — 100) x 10> M~1s~1 [23, 28, 25

Qoft 0.02—-1.6s"1 measured unbinding rate [23, 28, 21]
L-selectin
don (0.4—4) x 10 s71 measured binding rates [24]
Qoff 7—250s"1 measured unbinding rate [29, 26], shorter lifetime than P-selectin

Table S3: Parameter values for white blood cells
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Quantity Range of values Details

E. Coli motility mediated by adhesion between FimH adhesin at the tip of pili and glycoproteins on the surface

R 350 nm and cylindrical features [30]
L=3pm
n 0.001Pa.s typical physiological conditions [21]
100 nm pili characteristic size to calculate hydrodynamic resistance, from +/2L.¢, see
below [31]

k 0.6 uN/m typical spring constant as kgT/L.{ where L. = 2 pm is the contour length and
£ = 3.3 nm is the persistence length [31]

Qon 512551 from gon ~ kona/a/\fA with measured binding rates
kon = 2 — 50 x 10° M~1s~1 [32, 33, 34]

Qoff 1—-100s~1! measured unbinding rate [32, 33, 34]

o 15 — 45 ym—2 Pili density, calculated from 100-300 pili over the cylinder surface [35]

N 2—7 calculated from N ~ 2rLo taking r ~ /2aR/3 the typical half width of the

cylinder in contact.

Table S4: Parameter values for Escherichia Coli

Quantity Range of values Details

Cargo transport by molecular motors

R 1 pm typical cargo size [36]

n 0.001Pa.s typical physiological conditions [21]
a 25 nm microtubule diameter [37]

k 0.2 — 0.5 mN/m typical spring constant [37, 38]
don 0457t measured individual binding rate [39]
Goft 451 measured unbinding rate [40]

Table S5: Parameter values for molecular motors

Quantity Range of values Details
Protein cargos in the nuclear pore complex
R 50 nm estimated from D = 4 ym? /s for karyopherin-3 which is a major transporter in
the NPC [41, 42], R = kgT/6mnD, and using n as below
0.001Pa.s typical physiological conditions [21]
8 —10 nm estimated with worm like chain model in [43]
0.06-0.1 mN/m typical spring constant of the Nucleoporin Nup 153 [43]
Jon 3x10°—3x108s~1 from gon ~ konp With kon = 107 — 102 M~1s~1 [42]
Qoff 104 — 107 s~ estimated unbinding rate [42]
p 30 — 250mM concentration of Nup in pore [42, 44]

Table S6: Parameter values for nuclear pore transport
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Quantity Range of values Details

Influenza A

R 60 nm average measured diameter [45]

n 0.001Pa.s typical physiological conditions [21]

a 12 — 15 nm typical height of Hemagglutinin [46, 45]

k 1—2mN/m typical spring constant [46, 47]

Gon 0.07 — 130 s~ 1 calculated from gon ~ gofi/Kpo/aN 4 with Kp =2 — 950 mM [48, 46]

Goff 0.1-30s"1 measured unbinding rate (focused on Hemagglutinin to Sialic Acid) [46, 49, 47, 50]

T = #‘;0“ 0.2 Bound fraction at equilibrium [46]

o 6800 pm~2 average measured coverage of HA proteins on virus ( 85% of total (HA +

NA)) [45]
D 0.05 — 0.5 um?/s measured on typical lipid bilayers with sialic acid receptors [49], strongly
dependent on g.g in the same qualitative way as predicted in out theory
D 0.01 pm?/s also measured on typical surfaces [50]
Dy 1.9 pm?2 /s calculated as Do = kpT/127nR with T' = 37°C (since close to the surface,
longitudinal friction is doubled due to hydrodynamic interactions)

Do/D 4 —190 diffusion decrease factor, calculated with range of above values

N 10 —13 calculated from N ~ 27 Rho taking h ~ a/3 the typical penetration length of the
layers.

Do /Dhop 9—20 calculated with Dy, = Doqé\gf/(qog + gon)™V with values above.

SARS CoV 2

R 50 nm typical virus size [51]

n 0.001Pa.s typical physiological conditions [21]

a 6 — 23 nm ligand protein characteristic size [52, 51]

k 0.1 -0.4 N/m typical spring constant from simulation results [53] and [54]

Gon 770 — 1500 s~ 1 from gon ~ kono/aN 4 with kon = 0.7 — 1.4 x 105> M~1s™1 [52, 55]

qoff 0.05s71—0.01s"1 measured unbinding rate of individual ligand-receptor pairs [53, 52]

N 1-2 calculated from N ~ 27 Rho taking h ~ a/3 the typical penetration length of the
layers.

T 0.1-0.2 Bound fraction at equilibrium [52] in AFM experiments

o 1000 pm—2 density of spike proteins on the surface [51]

SARS CoV 1

R 50 nm typical virus size [51]

n 0.001Pa.s typical physiological conditions [21]

a 6 — 23 nm ligand protein characteristic size [52, 51]

k 0.6 N/m typical spring constant from simulation results [53]

Gon 1200 — 2500 s~ 1 from gon ~ kono/aN 4 with kon = 0.7 — 1.4 x 10° M~1s™! [52, 55] (similar to

Sars CoV 2 [55])

Qoff 0.6 s71 measured unbinding rate of individual ligand-receptor pairs [53]

N 1—-4 calculated from N ~ 27w Rho taking h ~ a/3 the typical penetration length of the
layers.

T 0.1-0.2 Bound fraction at equilibrium is similar to Sars CoV 2 [52, 55]

o 1600 um—2 density of spike proteins on the surface [51]

Table S7: Parameter values for viruses
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4 Coarse-graining under different models and assumptions

4.1 Coarse-graining with particle inertia

While more details on inertial effects with multivalent receptor contacts will be written in a separate pa-
per [56], here we briefly recapitulate some results of this work to support claims made in the main manuscript.

4.1.1 Equations set up with particle inertia

We consider now that the particle has inertia, described by a mass m. To simplify derivations we can neglect
inertial effects from the legs, as in general the legs are much smaller than the particle itself, and hence have
much lower mass. Alternatively, in Ref. [56] we will show that one can start with inertia on all components,
and take the limit of small mass of the legs relative to particle mass on the final result, and obtain the same
result as if the limits were inverted.

We thus write the unbound equations for a particle with a single leg as

dl = —%l + szT’r]l
dz (S4.1)
dv = L (-Tv+\2kpTTn,)

where m is the mass of the particle and v the velocity of the particle.
When the leg is bound to the surface, it is not necessary to project the dynamics. Writing Newton’s
second law on the system of the (particle+leg bound to surface) one finds the bound equations

at = . (S4'2)
% :% —Tv+ 2kBTFm+(—vv—kl+\/mm)

4.1.2 Possible resolution with particle inertia following Ref. [57]

The generator for the system is

. — 210, + kBTa” + 09, — Lvo, + 2189, +Gon
a k19, — L1y, 4 k2T g

m vV

(54.3)
with a natural stationary distribution (now including a Boltzmann factor corresponding to the kinetic energy
of the particle)

+Qoft —Goff + 00y +v0) —

1 o on 2 2
S qoft /. o kI?/2kpT ,—mv®/2kpT (S4.4)

Z 1

In addition to non-dimensionalizing space and time we need to non-dimensionalize the velocity. We then
take (on top of usual non-dimensional quantities in the paper, reported here for completeness)

L&k

@ — Lyi, | — LI, t — 7,0 — 0L, /7 = 01— T
€

(S4.5)

Mass also needs to be non-dimensionalized. Here we write, following Ref. [57], m = mLkr?/L,. The
dimensionless number mL,/(LkT)1/T = 7, /T can be interpreted as the ratio of the correlation time of the
velocity 7, to the time scale of observation 7. We require 7/7, = % such that we may observe coarse grained
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dynamics. Dropping the * notation we find the non-dimensional generator

1 1 1 —qon — £lal + Eall +qon 10 0
£:?£O+E£1+£2:€72 v v +E 1
+q0ﬁ' —(off 0 1)31 — Elay ( )
S4.6
N V0, — %v@v + #&w 0
o -t g,

We can then set up a similar step by step search of a solution at multiple orders seeking a solution f =
Jotefi tefot ..

1
At lowest order solving Lo fo = 0 yields simply fo = a(z,t) and the associated equilibrium distri-
1

id
bution my = % Gott/ Gon e /2,
1

0
At the next order we need to solve Lgf; = #Ova that is easily shown to yield
1

) 0ya (S4.7)

e ()2

Y+1)go gon+1'/~

1+ et mn
To find a solution at the following order, we need to satisfy the Fredholm alternative (9;fy — Lafo —

L1 f1,m0) = 0. Standard algebra yields an equation for the function a(z,v,t) as (back in dimensional scales)

rm kpTT™,
L odya + ——5Ld,a (54.8)
m m

Ora = vOza —

which corresponds to an inertial motion with friction

O on 1 on
A L S R <F+7+I~c( + 14 >) (S4.9)
Qon + qoft Gon + Goft qoff k qoff
which writes with the notations of the main paper
Il = pol'o + 1l ‘ (S4.10)

which is exactly Eq. (20) of the main paper.

As highlighted in the main paper, there is a notable difference between I'f; = poL'g + p1I'1, with inertia,
and Fe_ff1 = pol'y s plfl_l when inertia is neglected. In particular, the results are not equivalent when
unbinding rates are slow such as ¢og'/k < 1. We will reconcile these results in a separate paper [56].

4.2 Choice of time-scale hierarchy
4.2.1 Averaging with a different choice of scaling ¢ = /T

It is common to assume a different choice of scalings assuming fast unbound tether dynamics. This choice
of assumptions can be formulated mathematically as v/’ = ~,.¢2, where «,. is a non-dimensional number of
order 1. This typically corresponds to short legs on a large particle, as v and I' are expected to scale with
leg size and particle size via Stokes law. When doing such a reasoning, it is also common to lighten the
assumption on scale separation for x and ! and take L = L, [58]. We keep other non-dimensional scalings.
For simplicity we will write £ = €2 as no terms in e appear now. We then obtain the non-dimensional
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generator as an expansion £ = éﬁo + L1 4Ly + %L5 + ..., with the first terms as

1 1
r— 1 —qon — ,Trlal + Iﬁll Gon i Oz 0 L 0 0

£ qoff —(off 0 l(aac - al) + (ax - 8l)2 0 777"1(836 - al) - 'Yr(ax - al)2

(S4.11)

Notice above that the non-dimensionalization for the binding rates gon, gost is such that it assumes binding
and unbinding to be much faster than the long time dynamics searched for.

1
We look for a solution as f = fo+efi +€2fo+... At first order we find easily fo = a(x,t) associated
1

ff
4o /qon 6_12/2.
1

At the following order, to find a solution fi, we require the Fredholm alternative, namely (J;fo —
Llanﬂ—O> = 07 yleldlng

with the equilibrium distribution my o

Ora — Oggpa = 0. (S4.12)
We can now solve for Lo f1 = —L1 fo + 0; fo making use of this first order equation on a. The equation to be
solved simplifies to Lo fi = — 10,a. This gives
0
la T n
P (S4.13)

Qoff \ 14 7rGon

To solve for f, we require the Fredholm alternative at the following order, namely (0; fo +£0: f1 — L1 fo —
el f1 —eLafo, m0) = 0. We focus on specific terms

(Ocf1,m0) =0, (S4.14)
then 41
<*£1f1; 7T0> = +azza’yrq0n s (8415)
qoft
and
<_‘C2f07ﬂ-0> = +’Y7«81-1»CL (8416)
such that summing up all contributions and reverting to original dimensions we obtain
kT
o= —2" 8,.a (S4.17)
I\’Y/F—S
eff
with
1 qoft >1 < don >1< ’Y|: k( 1 FYQOn>:|)
= =+ |— =z |1-5|1+- + - S4.18
sz/fFZE (qOIl + qoft r Gon + Goff r r v Goft k qoft ( )

with is exactly Eq. (21) of the main paper. We note that this is exactly the /T first order Taylor expansion
of the equation obtained without assuming v/T" < 1, namely of Eq. (12) of the main paper.

4.2.2 Averaging with pre-averaging of tether dynamics (fast tether relaxation dynamics com-
pared to all other dynamics)

Equation set up with pre-averaging and resolution A commonly used framework is to assume that
unbound leg dynamics are so fast that essentially when a new bond is created, the leg length may be sampled
from its (bare) equilibrium distribution. This may be formally obtained using homogenization as well by
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assuming unbound relaxation is very fast compared to binding dynamics, v/k < 1/gon/of, though we do not
report the details here. It is a commonly used framework [58, 59].

The unbound state is described by the variables (z,t) while the bound state is described with (z,1,¢).
We write the equations for the probability distributions in each state

kpT
Oipu = _pu/e_klz/QkBTqudl+/qufpb(x»lvt)dl+ %&mﬁpu (84.19)
T
Oupy = +pue /BT Lo o 1 8) + Fiﬂampb +(..) (S4.20)

where the (...) denote the rest of the bound projected dynamics and Z is some normalization constant that
does not depend on [. Notice that here we kept the I' + + in the bound state to highlight that such a
term would have to be kept in the case of a great number of springs N, as this would become I' + N~
and would therefore have to remain. The equilibrium distribution associated with these dynamics is simply

Qoff

™= % don , | and satisfies detailed balance:
o— Bkl
2
32 1 gog 3172 e~ Pkl /2
Ty X Gon€ PRS2 = ZQL X Gon€ PRES2 = T X Qoft = T X qoff- (8421)
on

With this approach (compared to the main paper derivation), the only part of the generator that changes
is the lowest order term L. In particular one should determine the non-dimensionalization. Importantly
here one should notice that ¢o, and gog do not have the same units. The ratio goff/gon = O(L) has units
of a lengthscale. We can therefore keep the usual non-dimensionalization for qoﬂkLez = qe‘;z“ but not for the

binding rate, which we take as qu# = qg%. We find (dropping the °)

- on _l2/2dl + on _l2/2dl
o 1 9me J done (54.22)

+qott —qot — 10 + Oy

1
Resolution for fy does not change and we get fo = a(z,t) , with associated equilibrium distribution
1
o = T.

_1

At the next order we get the solution fi = 10,a7 r—

Finally at second order we require the Fredholm alternative (9;fo — Lafo — L1 f1, m0) = 0 yielding

kT
da = ﬁama (S4.23)
Feff
with
1 qoft 1 Gon > 1
_ I . S4.24
]_—‘:f/fPY>>q (qu + QOH) r <Q(m +qort ) T'+ Y + ﬁ ( )

This is nearly exactly the result obtained without pre-averaging but for the k71¢1%* = k (%%) contribution
corresponding to the time the tether is allowed to relax between 2 binding periods. It is exactly the result

reported in Eq. (22) of the main manuscript.

Relation to Ref. [11] In this paragraph we relate our results to the results obtained in Ref. [11]. Eq.
(2.48) of Ref. [11] finds an effective long time diffusion, starting from similar equations as Eq. (54.20),

_9
phet- 1 _ p (1 + a”) $4.25
off 0 Bo(1 + Bo)A (54.25)
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where we will give the meaning of the new notations (v, e, 8y, \) by expressing them with respect to our
notations. Here, v = k/ktether = 1 in our case because there is no change in recall spring force between the
bound (Ktether) and unbound states (k). We also have 8y = %7 here € = qi’OLQ and \ = kgT/kL? such that
the effective diffusion writes with our notations

k/q ff Gon
pRet- 1) _ (| K/t Gon 54.26
eff 0 T Gon + qoft ( )

Compared to the previous derivation, this result corresponds to an effective friction with pre-averaging of
tether dynamics (which is indeed what is done in Ref. [11]) and scales with k/g.g similarly as the derivation
assuming v/I" = ¢. In Ref. [11], as the dynamics are already pre-averaged, they are expressed at 0'" order in
v/T. Therefore the key common point of these derivations (Ref. [11] and Sec. 2.2 here) is to assume similar
spatial scales, namely L, = L. This highlights that the assumption L/L, = € allows one to "safely” average
dynamics without specific assumptions on other physical parameters.

Relation to N legs facing a uniformly sticky membrane In Fig. S6 we show that the pre-averaged
result corresponds to the predictions for N legs facing a uniformly stickv surface when the average number
of bonds

1 102
b % Full solution
. o
o 0.8F — Pre-averaging =
X g 10!
g 2
2 2
5 0.6 5
o f-
5 g 10’
Q IS
o 04 =}
8 c
3 S
2 g 107
£ o2 :%
0 e N RO 2
RN RS SR S v o 107 |
10° 102 107 10° 102 107
Binding rate q | (k/7) Binding rate q | | (k/7)

Figure S6: Pre-averaged results correspond to N legs facing a uniformly sticky surface when the average
number of bonds legs N, < 1. (A) Deg as calculated with a numerical resolution of Eq. (15) of the main
paper (“Full solution”) or with the pre-averaged result of Eq. (22) of the main paper (“Pre-averaging”) with
respect to the binding rate gon. Other parameters are £ = 1 and % = 0.1; (B) Corresponding average

number of bonds Ny.

4.2.3 Averaging with fast binding dynamics compared to relaxation dynamics

To understand how fast binding dynamics affect this system, we use the same non-dimensionalization as in
the main text but for L = L, (thereby allowing relaxation dynamics to be of similar order as the long time
mobility of the particle). We obtain the non-dimensional generator

i —(Gon Gon I % (_lal + all) + Opx 0
“\dor —don 0 e (U0 — 0) + (0 — 0)?)

1
L= = gﬁo + L (8427)

where we used € = €2.

We then seek a solution as an expansion f = fo 4+ ef1 +&2fs + .... At lowest order we need to solve

—Cqon qon f() -0 (8428)

qoft —(off
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1 Goff
which simply yields fo = a(x,l,) and the associated equilibrium distribution mg = | %* |. Notice
1
how here the equilibrium distribution at lowest order does not correspond to the full equilibrium distribution
mo # m. At the following order to find a solution to the problem we require the Fredholm alternative
(Orfo — L1 fo, 7o) = 0, which gives the equation

r
Oa =Po— (_lal + all) +p06xz
7 (54.29)

+ p1 (l(az - 8[) + (am - al)2>

'+~

where py = qof‘fl"ﬁ = 1 — p; is the probability to be unbound and p; to be bound. This new effective
equation can now be explored by means of time and length scale separation by setting a new small scale

parameter €5 = LL This small scale operator allows us to write

1 1
O = —5Loo+ —L12+ Lo (54.30)
€5 €2

where Lo 2 = (po% +p1 %) (=IO +0u), L12= plFFT»y (10y — 2041) and Lo 9 = (po +p1 %) Opz. We seek

a solution a = ag + exaq + 6%@2 + ...
At lowest order we need to solve Ly2a¢p = 0 which implies ag = ao(z,¢) making use of vanishing flux
boundary conditions at infinity. The associated equilibrium distribution is now mg 2 = e=1/2 /Z.

r
At the next order we need to solve Ly 2a1 = —L12f0 = —p1 F%yl@ma such that a; = —pog_%l@za =
Y Tty
—Hlﬁ%. At the following order, to find a solution we require the Fredholm alternative, namely (9;ap —
p1 T+

Lo a9 — L1,2a1,m,2) = 0. After some standard algebra one finds

1

8t ao = Ta fast

Opuat (S4.31)

where

1 Do D1
- == —— S4.32
Tq fast T + T +’Y/p0 ( )

which, reverting to dimensional scales, is exactly Eq. (23) of the main paper.

4.3 Arm and/or legs
4.3.1 Arm or leg

In this part we show precisely how having an arm (spring always attached to the surface) or a leg (spring
always attached to the particle) affects the dynamics. There are several ways one can consider to obtain the
dynamics of the leg or the arm (referred to henceforth as spring). Either assume (1) that the center of mass
of the spring is attached to the particle (or the surface), (2) either that the center of mass is located at the
free end of the spring (when it is attached to the particle or the surface). Both assumptions do not yield
exactly the same dynamics but the differences in the long time effective dynamics are minor.

(1) Arm or leg (spring) attached by their center of mass Consider in general a free spring, where
motion is confined to a line but none of the spring ends are attached. The length of the spring { (more
accurately here [ represents the length imbalance compared to the rest length of the spring [ — Iy but we take
lop = 0 for simplicity) obeys the overdamped Langevin equation

ﬂ__ﬁ 2kgT
dt y v

- (S4.33)

26



The center of mass ¢ of the spring similarly obeys an overdamped Langevin equation, with diffusion only

dc 2k‘BT
=2 4.34
dt \/ 5 fhe (84.34)

and we considered that the diffusion coeflicient of the center of mass is similar to that of the spring length.
For simplicity we consider here that the center of mass of the spring is located at one of its ends, namely
the end that will be permanently attached to a surface in this paragraph.

In addition the particle also diffuses as
dzx 2]€BT
—_— = — Ny 4.
o \/ 7 (S4.35)

Arm configuration. If we consider the arm configuration, then the center of mass ¢ is attached to the
surface and satisfies the constraint ¢(z,l,¢) = ¢ — Zsurface = 0. The projected dynamics in that case are
trivial and sum up to the ones detailed in the main text and recalled here for consistency:

dr __ 2kpT

= T s

dl __ kl 2kpT

N INET (S4.36)
dc __

de = 0.

Leg configuration. If we consider the leg configuration, then the center of mass c is attached to the particle
and satisfies the constraint ¢(«x,l,¢) = © — ¢ = 0. This constraint is similar to the one for the bound spring
for which the projection formalism is described in Appendix A of the main text. The projected dynamics
are therefore

dx _ 2]€BT

dat T+vy Nz

da _ _kl 2kpT S54.37
dt — Y + ~ m, ( )
de _ dx

dt — dt’

These dynamics are exactly equivalent to the arm configuration but for the change I' — I' 4+, and therefore
yield the same resulting effective long time dynamics with a similar change I' — I' + v. One can thus
simply consider that I' is indeed the friction coefficient of the unbound particle, which potentially includes
corrections to friction due to legs being attached to the surface.

(2) Arm or leg (spring) with center of mass at the free end We now consider the situation where
the center of mass of the spring is located at its free end, and the other end is attached to the particle or
the surface.

Leg configuration. Consider in general a spring, attached to one end to the particle (in x) and to the
other end to the spring’s mass (in « +1). Newton’s second law on each mass, and taking loosely overdamped
dynamics with masses going to 0, yields the system of equations

0 = —ng—f —i—lkl +V2kpTTn,,
0 = —’y% — k‘l + V2kBT'Y77l-

The system simplifies for each variable into

dx kl 2kpT
at +7 + £ 7717
d rovr (S4.39)

dl 2kpT 2kpT
d — ki (%Jﬁ) =\ FE e+ .

(S4.38)

This system corresponds to a friction matrix and force field

1 1
_ L — 0
rt=| "7 '] and VU = ) (S4.40)
T y+1 kl



When the spring (here the leg) becomes temporarily bound to the surface, the bound equations then simply
read (provided appropriate projection, following Appendix A, is made)

dz kl 2kgT
de — (AL [2keTy)
dt r r T
ooV (S4.41)

d _ _de _ 2T
@ = " da - T T

In non-dimensional scales, the hierarchy of generators now reads

~Yon + m _la + 8 on
Lo=| " r (10t du) 4 : (S4.42)
oft Qot + (=101 + Ou)
(10, — 2012) 0 0pe 0
£1 = 5 and £2 = . (8443)
0 (10, — 20,,) 0

Using a coarse-graining method as usual, we obtain simply the usual harmonic sum ].";ffl =pol'y 1y pll"fl
where the friction coefficients write

o= I+y+k %%ffq-(‘:)-r;ﬁ/r)
o= Tk (g + 3220 (model (2)).

qoff

(S4.44)

Compared to the coefficients obtained if the spring is attached to the particle by its center of mass (model
(1)), namely

Ihy= I'+
{ ’ K (S4.45)

I'i= T+vy+k (i + %M) , (model (1)),

Goff qotf

the results are quite similar independent of the attaching model. Qualitatively, in the non-center of mass case
(model (2)), we obtain additional feedback friction terms due to the spring, as k7. where 7og is a typical
time over which the spring relaxes, scaling naturally as v/k multiplied by a ratio of characteristic times .
This ratio corresponds to the fact that the spring may only relax in the other state, and hence different ratios
appear according to the different modeling options and bound states. Be that as it may, such contributions
are generally minor. In fact, one can verify (not shown here) that the numerical values of T /T according
to model (1) or (2) show very little difference over full R® space described by the parameters.

We now explore potential differences when the number of legs is increased. For 2 legs, the dynamics in

the unbound state are
dr _ +k(l11j’l2) + (/2k8T

dt T x>

dhy _ _dz _ kly 2kpT

@ = a4 T oM (54.46)
dly _ _dz _ kly 2kpT

dt dt v + oY 2

and when leg 1 is bound to the surface simply

dx _ @_+k(l1+lz) + 2kpT
- T

dat — Nz,
by g [Tl (8447
G T At Ty T\ Ty
and when both legs are bound
de _ _dly _ _dly _ | k(litl2) 2kpT
{E__W__W—"’ T T e (84.48)

Dynamics are then easily extended to IV legs using the free spring end model applied to each leg. Coarse-
graining and asymptotics (around the average number of bonds) then easily lead to

]' on
Tog ~ Ty, =+ Ny + N, [’y +k < + 14 )] (model (2)). (S4.49)
qoft k qoft
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Eq. (S4.49) is exactly the result obtained by attaching legs by their center of mass (model (1)), provided the
suitable change I' — I' + N+ is done for N legs. There is thus no difference between the different models in
the leg configuration when a large number of legs are involved.

Arm configuration. The arm configuration with mass at the free end (model (2)) is trivially equivalent
to that attached by the center of mass as

dx — QkBT

g B kl ) %22 T (54.50)
@ =y Ty T

There is thus no difference between the different models in the arm configuration.

4.3.2 Arm and leg

Equations set up We consider random attachement and detachement of two springs to one another, in
the leg and arm geometry — see Fig. ST-A.
When the springs are unbound the dynamic equations are

4 — k4 2Ty, (1)
Go= /() (S4.51)
£ = \/HIn0

where [; is the length of the top spring, I the length of the bottom spring, and for simplicity here we took
lp =0.

In the bound state we need to project the dynamics. When the springs bind, we consider that a rigid
bond is formed between the springs’ sticky ends that keeps the distance constant — see Fig. S7. The dynamic
constraint is then

q(a?,ll, I)=x+4+11 —lo+ lpona =0 (84.52)

where lpong is the length of the bond and remains constant until the springs detach and reattach to form
another bond length. If we imagine that the bottom spring is part of a periodic array of springs, such that
at any time, only one bottom spring is accessible to the top spring, l,,onq is typically of order L — see Fig. S7
— and thus a reasonable physical assumption.

The constraint matrix is then C = (1,1, —1) and the projection matrix

11 -1 2 -1 1
1 1
p_q1_1 IE N S4.53
ARER 1 o1 2 1 ( )
1 -1 1 1 1 2

(S4.54)

,_.
204 2
5

with a square root
2T V7 =V
+2T +2r
VI A2+ T8 AR+ |- (S4.55)
T AP AR

JP:'y—I—ZF
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fixed point

moving particle
i rigid bond

X(t) lbond
fixed surface . . e H fixed point
arbitrary fixed origin < P
L)
B
interaction radius

of bottom spring

R iy

R

distance between 2 spring
fixed points

d=2R

Figure S7: Geometry of binding with a particle having an arm and a leg. (A) The spring attached to the
moving particle may bind to the bottom spring by forming a rigid bond that “fills in the distance” between
the separated springs. Such a model is equivalent to (B) where the bond is formed with the “closest”
available bond. Here if springs on the surface are evenly spaced with a typical spacing d = 2R we consider
that the top spring’s sticky end binds to a surface spring whose fixed point is closest, and always closer
than R. Switching events between one spring and then another are long if the distance between two surface
springs is large and are ignored. The equivalence between A and B could be shown more systematically, but

is beyond the scope of this manuscript.

The dynamics in the bound state are therefore

de  _ k / 8kpTT 2kpT
a = —m(ll —l2) + (21“?%7)2 N + ﬁ(m —12)
G = o — L+ 1)+ /2L (i + )

dt 2 dt 2y 4
dl _ _ldx k 2kpT
ar **gﬁfg(llﬁle)ﬁL 1 (m +n2)

Generator The generator is then

£ _ 7QOII qon + 7%llal1 + %allll - %ZQalg + %aIQZQ + %8II O
qoft —qoff 0 0
0 0
+ k 1 1 k
0 —m(ll — lg)(ax — 5812 + 5811) - ﬂ(ll + 12)(812 + 811)
0 0
+ 2kpT 1 1 2 kT 2
0 +545 (0 — 301, + 301,)° + “5= (0, + 1)

With this generator one can check that £*m = 0 with the natural equilibrium distribution

1 dott/qon o~k /2kpT kI3 /2kpT
1

N

where Z is a normalization constant.

30

(S4.56)

(S4.57)

(S4.58)



Homogenization Taking the usual scalings we get the following non-dimensional, expanded generator

1 ~Qon  Gon T [ —=0L0y, + 01, — 1201, + 0,1, O

L =— + —
€ qoft —(off v 0 0
N 0 0
0 m( )(all alz) - %(ll + 12)(612 + 6l1) + m(alz - a11)2 + %(alz + 811)2
1/0 0
4+ =
€\o 2F+'y( 19)0y + 0, (0), — 812)’7+2F
19) 0 1 1
+1 o or = gﬁo + Eﬁl + Lo
0 Lo,

(54.59)

We now seek an expanded solution f of 0,f = Lf as f = fo+€f1 + €2 fo + ...
1
At lowest order, Lo fo = 0 gives fo = a(x,t) , and the associated equilibrium distribution 79 = 7.

At first order we need to solve

Lofr =—Lifo=+ N Eren (lh = 12)0za (S4.60)
which has a unique solution
Yon (ll — lg)a a
fl = — | TF74en T Tqur ~42C " (8461)
1 LRI T

At 2nd order we need to satisfy the Fredholm alternative (0:fo — Lafo — L£1f1,m0) = 0. We split up
the terms to highlight calculation steps (discarding Z terms to simplify notations, as they would cancel out
eventually)

I 2 2 2 Ogal
<£1f1a770> _ <<—(l1 _ 12)2 +2 > 6*11/26712/2> - e
y+2  ~y+20 L e e

- U ’Y—|—2F+ ~v+2I 1+ ¢ quff ~y+2T (S4.62)

Ygon I
2 Opatt

T'qo +2I
7+2F1+ qffn7r

and
2r

qoft
L = 4+ — . 4.
< 2f0aﬂ-0> (qon v 2F) 819:(1 (S 63)

Gathering terms as (0 fo, m0) = (Lafo, 7) + (L1f1,70) we get

or Pgorr  y+2T
(1490 o= (qoff+ ST )a (S4.64)

Gon Gon v+ ' 1 + qu“ ’H%QF

Now shifting back to dimensional scales and reorganizing terms slightly we obtain

[0) T on T
Ora = Goit ki + 4 ki Oz 0. (S4.65)

Gon + ot T qon+qoﬁsr+%(7+qon7+7)

Goff Goff
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Using the notations of the main papaer py = qoff/(qon + ¢or) the probability to be unbound, p; = 1 — pp the
probability to have 1 bond and veg = v + -~ + 'y%“f we obtain

q £f
L S | (S4.66)
Ffﬁg-ﬁ-arm I I+ %’Yeff .

that is exactly Eq. (24) in the main paper.

4.3.3 Several arms for 1 leg

Equations set up We consider random attachment and detachment of two springs to one another, in the
leg and arm geometry, but now when there are possibly M arms to attach to.
When the springs are unbound the dynamic equations are

& ==y 2"”BTn( t)

dt -y

(gg = —%li + Lpi(t) fori=1...M (54.67)
% =/ QkFBTn;v<t)

where [ is the length of the top spring, [; are the lengths of all the bottom springs, and for simplicity here
we took [y = 0.
In the bound state we need to project the dynamics. The dynamic constraint with the bound bottom
spring indexed by b is then
q(x, l, lb) =x4+1l—Ilp+lhona=0 (84.68)

where lyonq is the length of the bond, similarly as in the previous section. The constraint process leaves the
unbound spring equations completely unaffected and we find after the projection step

dz 8kpTT 2kpT
ak 21" ll =)+ (zriy)z Nz + (gri»ﬂ (n—m)
di 1da 2kpT
@ =2 )T m) (54.69)
@ Z—%% a5 (U4 1) + %BTnJrnb
==k, ./”“BT i(t) for i =1..M and i # b
Generator The generator is similarly
7MQon Gon Gon Gon
qoft —(off 0 0
L=0+U= Qoft 0 —gog ... O +U (S4.70)
qoff 0 0 oo —(off
and U is a diagonal matrix. The first term of U corresponds to fully unbound dynamics
kgT kT kT
Upo = ——l —_— ——1; — ——0Ozs 4.71
00 o+ 3zz+z< O, + 78;;) FB (S4.71)
and further terms correspond each to a bond with the b** arm
k 1 1 k
Uy, = — I —1p)(0y — =0 78 —— (41
bb 211_'_7( b)( 50 + 1) 7( + 1) (0, + 01)
4.72)
2kpT 1 1 kBT kT (s
+2F+7(8x 561,,+§8;) +7alb+3z Z( —1;0, +8”)

i#b
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With this generator one can check that £*7m = 0 with the natural equilibrium distribution

1

S 1 Gon/oft o~ KI2/2kBT y— 30, ki2 /2kpT (S4.73)
QOn/qoff

where Z is a normalization constant.

Homogenization Taking the usual scalings we get the non-dimensional generator £ = G%LO + %/.31 + Lo,
where Ly = Q + Uy where U is diagonal with

r
(Uo)oo = b (—laz +0u+ Y (—lid, + 3zizi)> (S4.74)
B r r r , T 9
(uo)bb = 2(21_‘_"_7) (l lb)(al 8lb) 27(l+lb)(8lb +81) + 2(2F—|—’y) (6lb 81) + 27(3113 +51)
r
- Z (_liali + alili)
Vi
(S4.75)
and £, is such that (£1)p0 = 0 and
r 2T
- _ _ — i 4.
(ﬁl)bb o 1~ (l lb)ax + 0, (6l alb) S +or (S 76)
and finally
Ly=| 0 2p0e 0 (S4.77)
0 0 ~2orOra
We now seek an expanded solution f of ,f = Lf as f = fo+efi + € fa+ ...
1

1
At lowest order the resolution gives fy = a(z,t) , and the associated equilibrium distribution 7y = 7.
1

At first order we need to solve f1 and it is useful to seek a genuinely symmetric solution

O Uol —|— u6ll —|— Uélg + .
-1 T byl + byl + ujly + ...

Lofi =+ ( ) ————0,a,seeking f1 = ! v L= Oza (S4.78)
(I—1y) | ¥ +2T byl + wily + byl + ...

where wg, ug, b1,b) and v} are constants. Notice that here u and b refer respectively to unbound and
bound contributions, with  and 2z’ corresponding respectively to leg or arm contributions, and the indices
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correspond to the number of bonds of the state. The constants obey the system of equations

r
_MQOHUO + QOanl —Uupg— = 0

r
7MQOnu6 + qub/l + (M - l)qonull - u/

— =0
%y
T bl—‘rb/F T
it o — ot — ——a—— (b1 — b)) — 1o _
Qoft U0 — Goffb1 2(2F+’y)(1 1) 2 5 i+ (S4.79)
r b1 +b, T r
I b/ 7()_()/ _ 1=
Goff Uy — Qoff07 + 2(21_,_’_7)( 1 1)

2 v 2T+~

T
_QOffull + QOffulo - ullf =0

that has a unique solution. For now we do not report the coefficients here for simplicity.

At 2nd order we need to satisfy the Fredholm alternative (0:fo — L2fo — L£1f1,m0) = 0. We split up
the terms to highlight calculation steps (discarding Z terms to simplify notations, as they would cancel out
eventually)

on F —_ — 7
(L1 f1,m0) = Zm+2r (—(1 = 1;) (b1l — Vy1;) + 2(by — b)) e 1271/, 1 a
. O

S4.80
X (b)), (54.80)
y+2r 2 o

and

2I'  Mgon
<[’2f0a770> = (1 + 4 > Oz 0.

S4.81
v+ 2 ot ( )
Gathering terms as (9 fo, m0) = (L2 fo, ™) + (L1 f1,70) we get
n Mg, 2T by — b
(1 +MZOH‘) dya = (1 + qq; o (Lt (b 5 1))) Opuat (54.82)
Reorganizing terms slightly we arrive at (in dimensional scales)
Oia = kpT (poll‘M + 112117]\;[) Oz (S4.83)
with po p = m and p1 pr = 1 — po,m and
I'+~/2
r =— S4.84
T )2 (35
We can further expand I'y j; by using the expressions for b; and b}. We find
e )l et
FI,M T4+ - ot l:)ff (Aq/;ffl) (84.85)
—1)don
(’H@)*(WEMT)

that is exactly Eq. (25) in the main paper. Notice that, since arm and leg are interchangeable, a similar
effect would be observed for a particle with M legs allowed to bind to 1 arm.

Notice that when M is large, we obtain that the above expression simplifies to

. 1 1 1
Tiam =T 4 Yer,1,m With = + , (54.86)
Veff,1,M Veff,M,1 Veff,1,1
with veg M1 = K (ﬁ %W) the effective friction due to the leg Ye1,1 = (ﬁ + %) due to
arms.
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4.3.4 N legs facing M potential arms

2 legs facing 2 arms To understand the dynamics at play in the case of IV legs facing M potential arms
we first investigate the more specialized 2 for 2 scenario. We number legs as 1 and 2 and arms as 3 and 4.
We write the generator for this system directly in the non-dimensional scales. It is a bit lengthy as there are
now 7 possible states. We arrange the states as state #1 is the unbound state, states #2 — 5 correspond to
1 bond states, and states #6 — 7 to 2 bond states. We write £ = Q +U. The transition rate matrix for the
generator is simply

—4qon Gon Gon Gon qon
qoft —qoff — qon Gon
doft —Goft — Gon -Qon
Q= 6% Qot ~oft — Gon Gon (54.87)
qoff —doff — Gon -Qon
Qo qoft —2¢ost
qoff of —2¢os
Then we write the diagonal (only non zero) components of ¢4. For the unbound state we have
4
U = %E Z Dy; + 0zs (54.88)
“7ia
where D;, = —1;0;, + 0,1, is the unbound relaxation operator. Then in the 2..5 states where just one tether

is bound we have (for example for the 2 state where tethers say 1 and 3 are bound)

r r
e (1= ) = ) = 51+ )00 + ) + 5O = 00 ) + 5 (01 +01,)°)

2T am)

1 r
2\ 202l + 1)
1T 1 T

(D +D -
+627( o+ l4)+€21—\_~_7

(—(ly = 13)0y +205(0), — O1y)) +1 (M

(S4.89)

and similarly for the other 1 bond states. Finally for the 6 and 7 states, 2 bonds are formed. In these state
we have, for example for state #6 that contains the bonds 1 — 3 and 2 — 4

1 11 11

11 11
Uso == opgy 1 —lat o = 1) (20 = 550k + 5500 = 530+ 53%)
1T 1T
— 672%(11 + 13)(al3 + all) - 672%(12 + 14)(814 + 812) (8490)
r 1 > ri 2 2
+ 36Ty (2695 = (O + 01— — 514)) tya (0 + 1) + (0, + 01,7
and reordering this last expression as a function of the scales in €
1 Dl —l3+1s — 1y) (I +13)T (lo +14)T
Use e < 2(2F + 27) (611 613 + 852 814) 2y (813 + all) (alz + 614)
€2 (2(21‘\ + 2,}/) (811 + 812 als 8l4> + 2 (811 +813) + (812 +al4) })
1 2 F(ll —ls+1s— l4)
+ ; (Max (811 + 812 813 814) T + 24 (9@>
2r
[ xTx
+ <2F + 276 N )
(S4.91)
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Here the equilibrium distribution is

1 T
_ 2 /.2 . 54.92
" m (2 + 4—‘10“ + ) (qof'f/qon» qoﬂ/qon7 QOff/qona %ﬁ"/Qon, QOH/QOna ]-7 1) ( )
qon

2
otr
2
don

We seek a solution to the expanded generator £ = E%Eo + %El + Ly as f = fo+eft + €2 fa.... No steps
change in the resolution compared to previous calculations but for finding the solution at order 1. Here we
seek a solution

0
21“1+7 (lh = 13)
2F1+’y (lh = la)
Lofi =—Lifo= 2F1+7 (Ia —lg) I'oza (S4.93)
2r1+7 (Il = 13)
ey (= I3+ 12 — 1)
1

2T +2~ (ll - l4 + 12 - l3)

The solution is expected to preserve the symmetries of the problem and therefore we may seek

uoly + upla + upls + ujly
bily + urly + b5 + uily
fi= 0za (S4.94)
baly + bala + bhls + bhly

where by, b!,, u,,u, are constants that refer to bound and unbound configurations of the leg or the arms.
They solve a linear system of equations that possesses a single solution that we will report below.

The Fredholm alternative at the next order requires (0;fo — Lafo — L1 f1, 7). We obtain, splitting the
relevant contributions

(by—U)D | 2(by— BH)T

L =0 S4.95
(Lifi,m) =0+ or o Pt Tor e, P2 ( )
and assembling all terms allows to get an effective long time diffusion equation dia = #&ma where
eff
1 1 1
€

by — b’ bo — bl
(] )

which is similarly as in all cases a weighted harmonic sum of friction coefficients, with p,, the probability to
have n bonds.
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The system of equations that the constants satisfy is

- 4qonu0 —up + 2qonbl + 2(Jonul =0
- 4qonu6 - 7.L6 + 2qonbll + 2q0null = 0

v by + b} ~y
Qo U0 — Goffb1 — Gonb1 + Gonb2 — m(()l — bll) _ 5 1 — ST
by + b ~
o — fo) bl - onb/ onb/ # b —b/ — 1 = —
fofttlo = doft %y = o 4 2Jr2(2F+7)( 10 2 o + ~ (54.97)
QOHUOflIofful7QOnu1+qonb2*u1:0 '
Qoff Uy — Qoff Uy — Gonly + Gonbly — 1) =0
2y by + b ~y
b — utby — ——T by — b,) — _
Qoff 01 + qoffU1 — 2qoffb2 2(21-‘_’_2,}/)( 2 — b3) D) T + 27
2y by + b5 ¥
oiib + Gott, — 2qoibly + ——t— (by — b) — 2 _
Qoitb1 + Qoft Uy q52+2(2r+27)(2 5) 5 T

Since the bottom and top tethers don’t exactly have the same positions it’s not possible to simplify further,
typically b, # —b],. This really shows the structure of the equations.

N legs facing M arms The above system of equations allows to generalize the derivation for n bonds in
some N legs for M arms structure. For each possible number of bonds say n, the tethers are either unbound
(tn,ul) or bound (b,,bd,) and can exchange with their counterparts.

When there are n bonds, focusing on a connected pair, one can still bind more pairs, and there are
(M —n)(N — n) possible ways to do so. In any case the connected pair will remain connected during that
transformation. When there are n bonds, one can unbind n pairs. n — 1 possibilities lead to the given pair
still being bound.

For an unconnected leg (resp. arm), there are only M — n possibilities (resp. (N —n)) to form a bond
that will connect the unconnected one.

We obtain the general system of equations as

r
NGoffUn—1 — (nQOH + (N - n)(M - n)QOn)un + qu(M - n)bn+l + qu(N -—n—- 1)(M - n)un+1 - Un; == 0

T
nQOﬂ“u/nfl - (nqoff + (N - n)(M - n)qon)u/n + qon(N - n)b;wrl + gon(M —n — 1)(N - n)u;wrl - u;z§ =0

Qoff Un—1 + (’I’L - 1)QOffbn71 - (nqoff + (N - n)(M - n)qon)bn + qu(N - n)(M - n)bn+1~-~

nll , b, +0b, T r
R L
2(2' 4+ nv) 2 v 2 + ny
Gofttp_1 + (1 = 1)qostby,_1 — (ngoft + (N — n)(M — 1)gon )by, + gon(N —n)(M — n)b;z+1"~
n nl’ ® _b/)_b"—'_b;%E: r
202 +ny) " 2 v 2 +ny
T+ ny/2 _T

1—n(b, —V,)/2
(S4.98)

Looking for the average number of bonds contribution, we may assume similarly that for n = N, we have
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Up ~ Up—1 ™~ U, = U, and similarly for other quantities. We thus obtain the closed system of equations

_(M - Nb)qona + qu(M - Nb)g —u—=20
Y
- r
—(N — Nb)qonﬂ/ + qon(N — Nb)b/ — ﬂ/; =0
_ N,T -, b4¥dT r
U — ot — ————(b—b) — — =
Qoft U — Goff 2(2I" + Nw)( ) 2 v 2+ Npy (54.99)
_ N[ . b+bT r
oftll — Goth’ + ——————(b— V) — — =
Gott @ = Goth + 55 s =) = 5= = —5r A,
L'+ Nyy/2
1-N,Gb-b)2
This finally yields
. 1 1 1
FNb =TI+ Nb'Yeff,N,Ma with = Teg + TR (84100)

Vel NM Yo Ve
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Figure S8: Effective diffusion for systems with an equal number of arms and legs all interacting with one
another (N = M) from stochastic simulations. We overlay the predictions using Eq. (S4.101) (NN, average)
and fully solving for the system of equations Eq. (S4.98) (Full solution). For reference we also show the
result of the full system in the case of N legs with M = 0 arms, from solving Eq. (S1.20). Here the values
of other parameters are % = 1.0 and % =0.8

Here we can explore limiting regimes. If there are as many legs as there are arms we have M = N, then
the effective friction simplifies to

N
[y, =T+=" [wk(

+

S4.101
qoft k qoft ( )

y 1 (V- Nb)qon>] ’

where we see that the additional friction is divided by 2, as expected from the leg and arm case. One
notable difference is that here we see that the characteristic binding time 7, = 1/(IN — Np)¢on, due to the
increased number of possibilities due to multiple arms and legs. According to the large N limit investigated,
(N — Np)g@on does not necessarily diverge. In particular for very sticky systems (N — Np) ~ 0 and therefore
this part does not contribute significantly to the dynamics.
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If there are a large number of arms, say M > Ny, then we find veg m,n — V2" is dominated by the arm

contributions to the effective friction.

These effective results capture well stochastic simulation results, as shown in Fig. S8.

References

1]

2]

3]

[4]

J. S. Oh, Y. Wang, D. J. Pine, and G.-R. Yi, “High-density peo-b-dna brushes on polymer particles for
colloidal superstructures,” Chemistry of Materials, vol. 27, no. 24, pp. 8337-8344, 2015.

S. Hiki and K. Kataoka, “A facile synthesis of azido-terminated heterobifunctional poly (ethylene glycol)
s for “click” conjugation,” Bioconjugate chemistry, vol. 18, no. 6, pp. 2191-2196, 2007.

Q. Xu, L. Feng, R. Sha, N. Seeman, and P. Chaikin, “Subdiffusion of a sticky particle on a surface,”
Physical review letters, vol. 106, no. 22, p. 228102, 2011.

Y. Wang, Y. Wang, X. Zheng, E. Ducrot, J. S. Yodh, M. Weck, and D. J. Pine, “Crystallization of
dna-coated colloids,” Nature communications, vol. 6, no. 1, pp. 1-8, 2015.

A. Rohatgi, “WebPlotDigitizer: Version 4.5,” 2021.

F. Cui, S. Marbach, J. Zheng, M. Holmes-Cerfon, and D. J. Pine, “Comprehensive view of nanoscale
interactions between dna-coated colloids,” to appear, 2021.

S. T. Milner, T. A. Witten, and M. E. Cates, “Theory of the grafted polymer brush,” Macromolecules,
vol. 21, no. 8, pp. 2610-2619, 1988.

P. Varilly, S. Angioletti-Uberti, B. M. Mognetti, and D. Frenkel, “A general theory of dna-mediated and
other valence-limited colloidal interactions,” The Journal of chemical physics, vol. 137, no. 9, p. 094108,
2012.

C. P. Goodrich, M. P. Brenner, and K. Ribbeck, “Enhanced diffusion by binding to the crosslinks of a
polymer gel,” Nature communications, vol. 9, no. 1, pp. 1-8, 2018.

C. Frohner and F. Noé, “Reversible interacting-particle reaction dynamics,” The Journal of Physical
Chemistry B, vol. 122, no. 49, pp. 11240-11250, 2018.

B. Fogelson and J. P. Keener, “Transport facilitated by rapid binding to elastic tethers,” SIAM Journal
on Applied Mathematics, vol. 79, no. 4, pp. 1405-1422, 2019.

S. Marbach, “Intrinsic fractional noise in nanopores: The effect of reservoirs,” The Journal of Chemical
Physics, vol. 154, no. 17, p. 171101, 2021.

C. Sun, C. Migliorini, and L. L. Munn, “Red blood cells initiate leukocyte rolling in postcapillary
expansions: a lattice boltzmann analysis,” Biophysical journal, vol. 85, no. 1, pp. 208222, 2003.

G. Pavliotis and A. Stuart, Multiscale methods: averaging and homogenization. Springer Science &
Business Media, 2008.

M. Zoli, “End-to-end distance and contour length distribution functions of dna helices,” The Journal
of chemical physics, vol. 148, no. 21, p. 214902, 2018.

J. X. Zhang, J. Z. Fang, W. Duan, L. R. Wu, A. W. Zhang, N. Dalchau, B. Yordanov, R. Petersen,
A. Phillips, and D. Y. Zhang, “Predicting dna hybridization kinetics from sequence,” Nature chemistry,
vol. 10, no. 1, pp. 91-98, 2018.

S. Xu, J. Zhan, B. Man, S. Jiang, W. Yue, S. Gao, C. Guo, H. Liu, Z. Li, J. Wang, et al., “Real-
time reliable determination of binding kinetics of dna hybridization using a multi-channel graphene
biosensor,” Nature communications, vol. 8, no. 1, pp. 1-10, 2017.

39



(18]

[19]

[20]

21]

[22]

[23]

[24]

[29]

[30]

[31]

[32]

S. Y. Park, A. K. Lytton-Jean, B. Lee, S. Weigand, G. C. Schatz, and C. A. Mirkin, “Dna-programmable
nanoparticle crystallization,” Nature, vol. 451, no. 7178, pp. 553-556, 2008.

S. J. Hurst, A. K. Lytton-Jean, and C. A. Mirkin, “Maximizing dna loading on a range of gold nanopar-
ticle sizes,” Analytical chemistry, vol. 78, no. 24, pp. 8313-8318, 2006.

H. Ting-Beall, D. Needham, and R. Hochmuth, “Volume and osmotic properties of human neutrophils.,”
Blood, vol. 81, no. 10, pp. 2774-2780, 1993.

S. Chen and T. A. Springer, “Selectin receptor-ligand bonds: Formation limited by shear rate and
dissociation governed by the bell model,” Proceedings of the National Academy of Sciences, vol. 98,
no. 3, pp. 950-955, 2001.

J.-Y. Shao, H. P. Ting-Beall, and R. M. Hochmuth, “Static and dynamic lengths of neutrophil mi-
crovilli,” Proceedings of the National Academy of Sciences, vol. 95, no. 12, pp. 6797-6802, 1998.

J. Fritz, A. G. Katopodis, F. Kolbinger, and D. Anselmetti, “Force-mediated kinetics of single p-
selectin/ligand complexes observed by atomic force microscopy,” Proceedings of the National Academy
of Sciences, vol. 95, no. 21, pp. 1228312288, 1998.

U. S. Schwarz and R. Alon, “L-selectin-mediated leukocyte tethering in shear flow is controlled by mul-
tiple contacts and cytoskeletal anchorage facilitating fast rebinding events,” Proceedings of the National
Academy of Sciences, vol. 101, no. 18, pp. 6940-6945, 2004.

R. Alon, D. A. Hammer, and T. A. Springer, “Lifetime of the p-selectin-carbohydrate bond and its
response to tensile force in hydrodynamic flow,” Nature, vol. 374, no. 6522, pp. 539-542, 1995.

R. Alon, S. Chen, K. D. Puri, E. B. Finger, and T. A. Springer, “The kinetics of 1-selectin tethers and
the mechanics of selectin-mediated rolling,” The Journal of cell biology, vol. 138, no. 5, pp. 1169-1180,
1997.

C. Korn and U. Schwarz, “Dynamic states of cells adhering in shear flow: from slipping to rolling,”
Physical review E, vol. 77, no. 4, p. 041904, 2008.

P. Mehta, R. D. Cummings, and R. P. McEver, “Affinity and kinetic analysis of p-selectin binding to
p-selectin glycoprotein ligand-1,” Journal of Biological Chemistry, vol. 273, no. 49, pp. 32506-32513,
1998.

O. Dwir, A. Solomon, S. Mangan, G. S. Kansas, U. S. Schwarz, and R. Alon, “Avidity enhancement
of l-selectin bonds by flow: shear-promoted rotation of leukocytes turn labile bonds into functional
tethers,” The Journal of cell biology, vol. 163, no. 3, pp. 649-659, 2003.

S. Bakshi, A. Siryaporn, M. Goulian, and J. C. Weisshaar, “Superresolution imaging of ribosomes and
rna polymerase in live escherichia coli cells,” Molecular microbiology, vol. 85, no. 1, pp. 21-38, 2012.

E. Miller, T. Garcia, S. Hultgren, and A. F. Oberhauser, “The mechanical properties of e. coli type 1 pili
measured by atomic force microscopy techniques,” Biophysical journal, vol. 91, no. 10, pp. 3848-3856,
2006.

0. Yakovenko, V. Tchesnokova, E. V. Sokurenko, and W. E. Thomas, “Inactive conformation enhances
binding function in physiological conditions,” Proceedings of the National Academy of Sciences, vol. 112,
no. 32, pp. 9884-9889, 2015.

M. M. Sauer, R. P. Jakob, T. Luber, F. Canonica, G. Navarra, B. Ernst, C. Unverzagt, T. Maier, and
R. Glockshuber, “Binding of the bacterial adhesin fimh to its natural, multivalent high-mannose type
glycan targets,” Journal of the American Chemical Society, vol. 141, no. 2, pp. 936-944, 2018.

M. M. Sauer, R. P. Jakob, J. Eras, S. Baday, D. Erig, G. Navarra, S. Berneche, B. Ernst, T. Maier,
and R. Glockshuber, “Catch-bond mechanism of the bacterial adhesin fimh,” Nature communications,
vol. 7, no. 1, pp. 1-13, 2016.

40



[35]

[36]

[37]

[38]

[39]

[40]

F. C. Neidhardt, J. L. Ingraham, and M. Schaechter, Physiology of the bacterial cell; a molecular
approach. No. 589.901 N397, Sinauer associates, 1990.

C. B. Korn, S. Klumpp, R. Lipowsky, and U. S. Schwarz, “Stochastic simulations of cargo transport by
processive molecular motors,” The Journal of chemical physics, vol. 131, no. 24, p. 12B624, 20009.

F. Gibbons, J.-F. Chauwin, M. Despésito, and J. V. José, “A dynamical model of kinesin-microtubule
motility assays,” Biophysical journal, vol. 80, no. 6, pp. 25152526, 2001.

T. Duke and S. Leibler, “Motor protein mechanics: a stochastic model with minimal mechanochemical
coupling,” Biophysical journal, vol. 71, no. 3, pp. 1235-1247, 1996.

R. D. Vale, T. Funatsu, D. W. Pierce, L. Romberg, Y. Harada, and T. Yanagida, “Direct observation
of single kinesin molecules moving along microtubules,” Nature, vol. 380, no. 6573, pp. 451-453, 1996.

C. Leduc, O. Campas, K. B. Zeldovich, A. Roux, P. Jolimaitre, L. Bourel-Bonnet, B. Goud, J.-F.
Joanny, P. Bassereau, and J. Prost, “Cooperative extraction of membrane nanotubes by molecular
motors,” Proceedings of the National Academy of Sciences, vol. 101, no. 49, pp. 17096-17101, 2004.

J. Wu, A. H. Corbett, and K. M. Berland, “The intracellular mobility of nuclear import receptors and
nls cargoes,” Biophysical journal, vol. 96, no. 9, pp. 3840-3849, 2009.

I. V. Aramburu and E. A. Lemke, “Floppy but not sloppy: Interaction mechanism of fg-nucleoporins and
nuclear transport receptors,” in Seminars in cell & developmental biology, vol. 68, pp. 34—41, Elsevier,
2017.

R. Y. Lim, N.-P. Huang, J. Késer, J. Deng, K. A. Lau, K. Schwarz-Herion, B. Fahrenkrog, and U. Aebi,
“Flexible phenylalanine-glycine nucleoporins as entropic barriers to nucleocytoplasmic transport,” Pro-
ceedings of the National Academy of Sciences, vol. 103, no. 25, pp. 9512-9517, 2006.

L.-C. Tu, G. Fu, A. Zilman, and S. M. Musser, “Large cargo transport by nuclear pores: implications
for the spatial organization of fg-nucleoporins,” The EMBO journal, vol. 32, no. 24, pp. 3220-3230,
2013.

A. Harris, G. Cardone, D. C. Winkler, J. B. Heymann, M. Brecher, J. M. White, and A. C. Steven,
“Influenza virus pleiomorphy characterized by cryoelectron tomography,” Proceedings of the National
Academy of Sciences, vol. 103, no. 50, pp. 19123-19127, 2006.

V. Reiter-Scherer, J. L. Cuellar-Camacho, S. Bhatia, R. Haag, A. Herrmann, D. Lauster, and J. P.
Rabe, “Force spectroscopy shows dynamic binding of influenza hemagglutinin and neuraminidase to
sialic acid,” Briophysical journal, vol. 116, no. 6, pp. 1037-1048, 2019.

C. Sieben, C. Kappel, R. Zhu, A. Wozniak, C. Rankl, P. Hinterdorfer, H. Grubmiiller, and A. Herrmann,
“Influenza virus binds its host cell using multiple dynamic interactions,” Proceedings of the National
Academy of Sciences, vol. 109, no. 34, pp. 13626-13631, 2012.

N. K. Sauter, M. D. Bednarski, B. A. Wurzburg, J. E. Hanson, G. M. Whitesides, J. J. Skehel, and
D. C. Wiley, “Hemagglutinins from two influenza virus variants bind to sialic acid derivatives with
millimolar dissociation constants: a 500-mhz proton nuclear magnetic resonance study,” Biochemistry,
vol. 28, no. 21, pp. 8388-8396, 1989.

M. Miiller, D. Lauster, H. H. Wildenauer, A. Herrmann, and S. Block, “Mobility-based quantification of
multivalent virus-receptor interactions: New insights into influenza a virus binding mode,” Nano letters,
vol. 19, no. 3, pp. 1875-1882, 2019.

T. Sakai, S. I. Nishimura, T. Naito, and M. Saito, “Influenza a virus hemagglutinin and neuraminidase
act as novel motile machinery,” Scientific reports, vol. 7, no. 1, pp. 1-11, 2017.

41



[51]

[52]

[53]

M. Laue, A. Kauter, T. Hoffmann, L. Méller, J. Michel, and A. Nitsche, “Morphometry of sars-cov and
sars-cov-2 particles in ultrathin plastic sections of infected vero cell cultures,” Scientific reports, vol. 11,
no. 1, pp. 1-11, 2021.

J. Yang, S. J. Petitjean, M. Koehler, Q. Zhang, A. C. Dumitru, W. Chen, S. Derclaye, S. P. Vincent,
P. Soumillion, and D. Alsteens, “Molecular interaction and inhibition of sars-cov-2 binding to the ace2
receptor,” Nature communications, vol. 11, no. 1, pp. 1-10, 2020.

W. Cao, C. Dong, S. Kim, D. Hou, W. Tai, L. Du, W. Im, and X. F. Zhang, “Biomechanical char-
acterization of sars-cov-2 spike rbd and human ace2 protein-protein interaction,” Biophysical journal,
vol. 120, no. 6, pp. 1011-1019, 2021.

M. Ponga, “Quantifying the adhesive strength between the sars-cov-2 s-proteins and human receptor
and its effect in therapeutics,” Scientific reports, vol. 10, no. 1, pp. 1-7, 2020.

A. C. Walls, Y.-J. Park, M. A. Tortorici, A. Wall, A. T. McGuire, and D. Veesler, “Structure, function,
and antigenicity of the sars-cov-2 spike glycoprotein,” Cell, vol. 181, no. 2, pp. 281-292, 2020.

S. Marbach and M. Holmes-Cerfon, “Can mass change the diffusion coefficient of dna-coated colloids?,”
arXiv preprint arXiv:2112.05266, 2021.

J. P. Lee-Thorp and M. Holmes-Cerfon, “Modeling the relative dynamics of dna-coated colloids,” Soft
matter, vol. 14, no. 40, pp. 8147-8159, 2018.

B. Fogelson and J. P. Keener, “Enhanced nucleocytoplasmic transport due to competition for elastic
binding sites,” Biophysical journal, vol. 115, no. 1, pp. 108-116, 2018.

P. K. Jana and B. M. Mognetti, “Translational and rotational dynamics of colloidal particles interacting
through reacting linkers,” Physical Review FE, vol. 100, no. 6, p. 060601, 2019.

42



