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Understanding the motion of particles with multivalent ligand-receptors is important
for biomedical applications and material design. Yet, even among a single design, the
prototypical DNA-coated colloids, seemingly similar micrometric particles hop or roll,
depending on the study. We shed light on this problem by observing DNA-coated
colloids diffusing near surfaces coated with complementary strands for a wide array
of coating designs. We find colloids rapidly switch between 2 modes: They hop—
with long and fast steps—and crawl—with short and slow steps. Both modes occur
at all temperatures around the melting point and over various designs. The particles
become increasingly subdiffusive as temperature decreases, in line with subsequent
velocity steps becoming increasingly anticorrelated, corresponding to switchbacks in
the trajectories. Overall, crawling (or hopping) phases are more predominant at low (or
high) temperatures; crawling is also more efficient at low temperatures than hopping
to cover large distances. We rationalize this behavior within a simple model: At lower
temperatures, the number of bound strands increases, and detachment of all bonds
is unlikely, hence, hopping is prevented and crawling favored. We thus reveal the
mechanism behind a common design rule relying on increased strand density for long-
range self-assembly: Dense strands on surfaces are required to enable crawling, possibly
facilitating particle rearrangements.

diffusion | colloids | DNA | multivalent ligand-receptors | subdiffusion

Understanding the motion of particles with multivalent ligand-receptors is of broad
interest for applications ranging from biomedical targeting (1-5) and screening (6, 7)
to material design (8, 9) and water pollution remediation (10). Such particles, a few
nanometers to several microns in size, rely on specific binding and unbinding of up
to thousands of fluctuating ligands—or feet—to stick to receptor-coated surfaces. Such
ligand—receptor interactions also affect how the particles move in ways that can be
essential for their function. A prototypical example is DNA-coated colloids (9), which
use DNA hybridization as the ligand—receptor bond that tethers colloids and mediates the
self-assembly (11, 12), in large-scale colloidal crystals (13—20) or reconfigurable colloidal
molecules (8, 21, 22).

Self-assembly and material design with DNA-coated colloids strongly depend not
only on the binding strength but also on kinetic pathways (20) and especially on the
relative motion of the DNA-coated colloids: If the bonds are too sticky, relative motion
is limited, which prohibits particle rearrangements (23, 24). Several recent models have
suggested ways to enhance diffusion with local bond resetting (25) or by adapting the
relative bond strength (26, 27). This demonstrates the critical need to understand the
mechanisms governing the relative motion of such DNA-coated surfaces to guide design
strategies for improved assembly kinetics.

Nevertheless, a mechanistic understanding of the relative motion of such particles
is still lacking. This is because of the complex, multiscale nature of the motion, with
fast, small-scale, experimentally unresolvable ligand—receptor bonding dynamics giving
rise to relative motion on the macroscale. This motion can take a variety of forms:
Ligand-receptor particles can hop, roll, slide, crawl, glide, or remain trapped (23, 28-36),
depending on the microscopic bonding conditions. Even for a single well-defined system,
the preferred mode of motion can vary: Micron-sized DNA-coated colloids at equilibrium
with similar coatings were seen to mostly hop (28) or to perform cohesive moves (30), to
diffuse (37-39), or to subdiffuse (28, 30). The multiscale nature of the motion challenges
theoretical work (26, 34, 37, 40-46), calling for high-throughput experiments.

In this work, we experimentally demonstrate that micron-sized colloids move along
a DNA-coated surface, randomly alternating between two mobility modes: hopping,
characterized by long steps in each resolvable time interval, and crawling, characterized
by short steps. This gives rise to a step-size distribution that is distinctly non-Gaussian,
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both in single-particle trajectories and at the ensemble level,
and well-modeled by a sum of two Gaussians with different
widths. Both modes of motion are present over a range of
temperatures spanning the melting point of the system, but
hopping contributes the most to the mean-squared displacement
of the particles at high temperatures, while crawling contributes
the most at low temperatures. We build a theoretical model
that reproduces most of the experimental features and brings
mechanistic insight: At high temperatures, the number of
bonds with the surface is small enough to permit coordinated
detachment of all bonds, followed by free diffusion, then
reattachment, corresponding to the long steps observed in the
hopping mode. At lower temperatures, the number of bonds
increases and a cohesive motion mode dominates. This latter
mode could correspond to any cohesive motion (rolling, sliding,
antirolling, rocking around the tethering point or combinations
of all of these), which we collectively refer to as crawling. Finally,
we shed light on the mechanism yielding subdiffusion at low
temperatures: Trajectories tend to reverse back on themselves,
resulting in anticorrelated motion determining the subdiffusive
exponent. Unraveling how mobility depends on experimental
parameters such as coating densities and temperature paves the
way toward rational programming of ligand—receptor-mediated
processes.

DNA-Coated Colloids Hop and Crawl at the Single Particle
Level. We track with an optical microscope the motion of 800
DNA-coated colloids, R = 500 nm in radius, as they diffuse
on a DNA-coated substrate (Fig. 14). Our fabrication procedure
is similar to previous work (47, 48) (SI Appendix, section 1).
Briefly, on the polystyrene particle, single-stranded DNA is
anchored through a polyethylene oxide (PEO) linker using
click-chemistry (49). The DNA strand is 20 nucleotides long
from Integrated DNA technologies, including a 14-poly-T tether
followed by a 6-nucleotide “sticky end” that can hybridize with
complimentary strands on the substrate. The brush-mediated
DNA functionalization results in a high-density DNA coating of
about 0.1 nm™2. We can vary the fraction of strands with sticky
ends on the brush from 5% to 100%. Here, we show results

for 5% sticky ends. Still, we find qualitatively similar results
for all other sticky fractions explored, corresponding to a range
of working temperatures 25 to 65 °C (SI Appendix, section 6).
The particles are sufficiently light that gravity does not affect
their binding properties (48) (S/ Appendix, section 1.5). At each
temperature, particles are tracked for about 20 min at Ar = 0.2 s
intervals. Images are then analyzed using the TrackPy software
to obtain the time evolution of individual particle positions x(¢)
and y(¢) along the surface (50). We perform trajectory analysis
in such a way as to avoid biases from excursions in the vertical
direction (87 Appendix, section 1.3).

A single particle already demonstrates two types of mobility.
Fig. 1B shows a time series of the magnitude of the displacement,

Ar = \/Ax? + Ay?, where Ax, Ay are horizontal displacements
undergone by the particle in between each frame. The particle
alternates between taking many short steps, punctuated by bursts
of longer steps. A histogram of step sizes Ax, representing both
the horizontal Ax and vertical Ay increments of a particle’s
trajectory, is distinctly non-Gaussian (Fig. 1C), with a sharp
kink at the transition to a heavier-tailed region. We use this
kink to define a step-size cutoff distinguishing short and long
steps—which determines the placement of the dashed pink line
in Fig. 1 B and C—and then color the particle’s 2D trajectory
(Fig. 1D) according to whether the steps are short (orange) or
long (blue). This gives another picture of the particle’s motion,
showing that short steps correspond to motion that is fairly
localized, where exploration is limited—which we refer to as
crawling—whereas long steps allow the particle to move to farther
regions—which we refer to as hopping. These two modes of
motion occur everywhere on the sample and can be observed
repeatedly for particles whose trajectories are long enough
(81 Appencdix, section 2).

Diffusion, Crawling, and Hopping Properties Depend on Tem-
perature. To gain more insight into the particles’ mobility, we
investigate the motion of the particles at different temperatures.
The fraction of unbound particles pynbound> Which we define by
the number of particles that go out of focus for at least 1 min,
increases sharply around a critical temperature 75, the melting
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Fig. 1. Intermittent hopping and crawling of a single DNA-coated colloid. (A) Experimental setup. 1 pm-diameter polystyrene particles coated with DNA strands
bind to and diffuse on a glass surface covered with complementary DNA. Their motion is tracked with an optical microscope. We tune the system’s temperature
and the fraction of sticky DNA on the particle. (B) Time series of step sizes for a single particle with f = 5% sticky ends around its melting temperature, at
T = 38.2 °C and (C) step size distribution over the entire particle’s trajectory. (D) Trajectory of (B), in black, colored, from Left to Right, as only steps smaller
(orange) or larger (blue) than 80 nm, and overlap. The trajectory displayed is 15 min long and the box size is 2.8 pm.
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Fig. 2. Step properties change drastically with temperature. (A) Fraction
of unbound particles with f = 5% sticky ends as in Fig. 1. (B) Diffusion
amplitude A (green) characterizing the slow-down with temperature and
diffusion exponent n (gray, Right axis). Dotted lines in (A and B) are guides
to the eye. (C) Step size distribution over about 800 particle trajectories at
increasing temperatures (T = 32.1, 36.5, 38.3,41.5 °C) marked by the colored
boxes (yellow to red). The 2 Left-ward plots share the same vertical axis.

temperature (9) (Fig. 24). We also measure the mean-squared
displacement (r%(z)) at each temperature, averaging over all
particles and over each trajectory. We then fit the data, using a
standard least-squares procedure, as (r%(z)) = 44Dyt (t/1)".
Here, Dy = kgT/6anR ~ 1 pm?/s is the bulk diffusion
coefficient of the particle (with £37 the thermal energy, R the
particle radius, and # the fluid viscosity), 7 = R?/4Dy ~ 63 ms
is the time for the particle to diffuse its diameter, and we fit for
A and # (Fig. 2B).

The particle’s motion is diffusive (7 2~ 1) at high temperatures,
with a diffusion amplitude 4 ~ 0.5, corresponding to increased
hydrodynamic friction near the substrate (51, 52). Since the
depth of focus is roughly the size of the particles ~560 nm,
we may estimate that imaged particles are 10 to 50 nm from
the surface. Such distances yield a hydrodynamic diffusion
amplitude A4 that varies only weakly with distance to the surface
(51-53). Using the logarithmic scaling law in ref. 51 gives that

A) ~ 0,53 t0 0.67, where the superscript (th) indicates theory
predictions, and is close to the experimental value.

As the temperature decreases, motion progressively becomes
subdiffusive (n < 1), especially at low temperatures 7 =~ 7, —
10 °C where 7 =~ 0.5. This property was already highlighted in
previous work (28, 30). Concomitantly, the diffusion amplitude
radically slows down around the melting temperature, where
A decreases by about 3 orders of magnitude. Our goal is to
understand how the 2 microscopic modes of motion are related
to this dramatic macroscopic decrease in diffusion amplitude and
the subdiffusive behavior.

The step size distribution P(Ax) of all particles drastically
changes with temperature (Fig. 2C). At high temperatures,
when particles are unbound, the distribution is close to a single
Gaussian distribution (Fig. 2 C, Right, red box). Ataslightly lower
temperature (Fig. 2 C, Right, orange box) a central peak emerges
in the step size distribution, an indicator of dual-mobility. As
temperature decreases further, this peak becomes predominant
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(Fig. 2 C, Lefi, orange, and yellow boxes). The temperature
dependence of the distribution rules out that non-Gaussianity
could be caused by local hydrodynamic friction close to the
surface (53-55). The non-Gaussian distributions may therefore
be attributed to multiple mobility modes (33).

To unravel the temperature-dependent properties of each
mode, we fit the step size distributions with a sum of 2 zero-
mean Gaussians with different widths (Fig. 34),

o Ax?
P(Ax) = Phop exp [ ——

P 2
/27mﬁop 204p

A 2
L e (= ). [1]
2ro czrawl 2o-crawl

The parameters have a natural interpretation: phop = 1 = perawl
is the probability to hop and pcrw the probability to crawl;
Ocrawl and opop are the characteristic step sizes in each mode.
We use a least-squares procedure to fit phop, Ohop, and Gerawl-
The Akaike information criterion (AIC) quantifies the relative
likelihood that this fit is representative of the data (56). The
AIC for this 2-Gaussian fit is much smaller than that for a
1-Gaussian fit at low temperatures (Fig. 3B), indicating that
2 Gaussians provide a better characterization. Adding a third
Gaussian increases the AIC, confirming that the 2-Gaussian fit
is the most informative model and that using 3 Gaussians would
be overfitting. At high temperatures, the step size distributions
approach a single Gaussian, consistent with the expectation that
at these temperatures, colloids should move freely. We report in
SI Appendix, section 3 further details on the fitting procedure,
and find the parameters we obtain are only marginally sensitive
to the fitting method.

The extracted probabilities to be in either mode, phop Of perawls
depend strongly on temperature (Fig. 3 C, 7). These probabilities
undergo a sharp transition a few degrees above 7, with crawling
(or hopping) being more likely below (or above) T5,. This can
be understood in the light of the melting curve in Fig. 24. At
low temperatures, ligands are more likely to form bonds with
the surface receptors, thereby slowing the particles’ motion. We
further observe that both characteristic step sizes ohop and Gerawl
decrease as temperature is lowered (Fig. 3 C, 7). This is again
consistent with the melting curve of Fig. 24, since at lower
temperatures, we expect more ligand-receptor bonds, further
inhibiting motion.

Which mode contributes the most to the particles’ overall
mobility? The mean squared displacement in one time step
according to our fitting model is (Ax?) = pcranGczrawl + phopaﬁop.
Therefore, we may define Axcrawl = \/Perawl Ocrawl and Axpep =
/PhopChop to be the effective distance covered by either crawling
or hopping in one step. Even though hopping steps are longer
than crawling ones, Ghop > Ocrawl, a particle can still cover
more territory by crawling if the probability to hop ppp is small.
We find crawling is slightly more efficient at low temperatures,
Axcrawl 2 Axpop, whereas hopping is more efficient above the
melting temperature, Axpop 3> Axcrawl (Fig. 3 C, idd).

Transport by Crawling Is More Efficient at Low Temperatures.
We rationalize our observations using a previously introduced
model of DNA-coated colloid motion (37), recalling the main
ingredients here, with details provided in SI Appendix, section
4. First, we determine the number of interacting strands NV and
the average number of bonds N, with temperature, accounting
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Fig. 3. Various modes of motion according to temperature. (A) Example of 2-Gaussians fit procedure on a representative dataset for f = 5% sticky ends at
T = 38.3 °C; see more examples in S/ Appendix, section 3. (B) Akaike information criterion for the 1, 2, or 3-Gaussians fitting procedure with temperature for
f = 5% sticky ends. (C) Extracted fitted parameters, from Top to Bottom: (i) probability, (/i) typical step size, and (jii) effective distance covered in either mode;
with temperature for f = 5% sticky ends. The legend and the horizontal axis are common to (i-iii). S| Appendix, Fig. S12 reports (/) in log-scale on the vertical-axis.

for steric and hybridization interactions (41, 48, 57). We then
add kinetics by assuming DNA strands perform a random walk
constrained by a harmonic spring force with spring constant
k based on a worm-like chain model for the polymers (37).
Strands bind and unbind independently with rates g,, and
ot respectively (37), which are related via the average number

of bound strands N, = N7 q_;’“q . At a given time 7, Ny(z)
on O

strands are bound and exert recoil forces on the particle giving
an equation of motion for the particle, in the x direction

de(r) 2enT

dr ; T+ Nty T+ Ny(e)y

n(e), [2]
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where /; is the extension of the ith strand in the x direction,
hydro . .. . . .
I' = kpT /Dy is the friction coefficient on the particle with

Dgydro = DoA™ the diffusion coefficient of the unbound
particle, accounting for hydrodynamic friction in the vicinity
of a plane (51), y the friction coefficient on each strand, and #(¢)
is Gaussian white noise. Motion in the y direction is similar. We
model dynamics in the z direction with simplifying arguments,
assuming particles switch between 2 states: in the binding region
or not. In each state, the diffusion coefficient is the same, and
the switching rates depend on the particle’s buoyancy. When the
particle is out of the binding region, strands can not bind. Coarse-
graining over the fast strand motion and binding kinetics, we
obtain an analytic expression for the effective diffusion coefficient
of the particle as a function of the microscopic DNA (V, gon,
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goff> k, and y) and particle parameters (I'). All these parameters
are known from experimental data, except the density of strands
on the glass surfaces, which is fitted once to obtain the correct
melting temperature and is comparable (0.009 nm~?2) with
previous work (37, 48).

Within our model, the probability of hopping is the equilib-
rium probability that no bonds are formed,

N
(th) Goff (th) (th)
= (2t ) =1, 3
Phop (%ff 4 qon> pcrawl phop [ ]

The probability to hop phop depends on 7', since as temperature
decreases, the DNA hybridization energy decreases (57) so that
ot should decrease. We expect ¢op, to be roughly constant with
temperature (58). The mean step size in each mode is obtained
by assuming that motion is Brownian (steps are Gaussian and

uncorrelated), so that (65;2316)2 = ZDI(:;LAL where Dr(:;()ie are
the diffusion coefficients associated with each mode, given by our
theory (37) as

hydro
gydro D(th) N Dy

D(th):D ’ ~ -
N>1T 14+ N,

hop [4]

crawl

_k__kpT -
Goff Dgydro

With this model, we obtain the effective distance covered in
either mode (Axl(;gzie)z = 2]’r($gieD$l;21eAt'

At low temperatures, we expect the number of interacting
strands to be large, N > 1. The distance covered in each
mode then decays as Axg:?v 1/ VN and Ax}(:o}g ~ exp(—=N),
demonstrating that Ax(th) > Ax}(l:)l;) when N > 1 at low

crawl
temperatures. Hopping requires all bonds to detach from the
surface, which is unlikely when the number of bonds is large,
making crawling a more efficient mode of transport at low
temperatures.

Microscopic Mechanisms Underlying the Mode of Transport:
Model and Experiment. We start by analyzing the similarities
between the model (lines in Fig. 3C) and experiment (markers).
The model captures ppop and perawt around the melting temper-
ature remarkably well, and thus the transition between hopping
and crawling (Fig. 3 C, 7), supporting our hypothesis that hopping
arises when all bonds simultaneously detach. The effective step

(ch)

sizes for crawling, ocrawls o-c:awl agree well for T < T, both
decreasing with temperature (orange in Fig. 3 C, ii). The
measured and predicted effective distance covered in Fig. 3 C, 7ii
agree when both the step size and probability agree. The decrease
in the theoretical step size for crawling arises because the average
number of bonds NV, increases, which increases the effective
friction on the particle (Eq. 4). An increase in the number of
bonds is thus a potential mechanism for the increasingly shorter
steps at low temperatures.

The temperature at which the two modes are equally efficient,
both experimentally and theoretically, occurs slightly above
the melting temperature and also corresponds to a maximum
in the effective distance covered by crawling. The maximum
corresponds to a trade-off between more probable crawling events
and smaller crawling steps with decreasing temperatures. The
optimal crawling speed in our model corresponds roughly with
N, >~ 4 bonds (note that N,(7,,) = 9). A similar trade-
off was predicted in a simulation of particles in concentration
gradients (59) and the optimal bond number was around vV, =~ 5.

PNAS 2024 Vol. 121 No. 41 e2318865121

Discrepancies between theory and data also shed further
insight into the dual hopping-crawling motion. For 7' > T,

(th)

the theory overpredicts the measured steps, 6., > Ocrawl-
We speculate that crawling steps may be dominated by outlier
particles with a slightly higher local ligand or receptor density.
These are not accounted for in our mean-field model, and such
corrections of the model are also needed to explain a broader
experimental melting curve than predicted by the theory (87
Appendix, section 4.2). The effective step sizes for hopping,

(th

Chop and o ) (blue), agree within 15% at high temperatures,

t
op
T > T,, with a slight mismatch possibly attributable to
variability in the exact particle size or density, with slightly smaller
particles diffusing faster and lighter ones further away from the
surface having less hydrodynamic friction (48).

At low temperatures, 7 < T, the model overpredicts op0p
by a factor of 2 to 10. Several sensible arguments for this
discrepancy can be called forth, each yielding small corrections.
First, the increased hydrodynamic friction from the soft polymer

mesh (60, 61) could reduce 0'}(12;). Using Brinkman lengths and

polymer brush thicknesses obtained 61,0 in a previous work (48),
we find this amounts to decreasing 61,0, by only a factor 2.
Second, the subdiffusive motion for low temperatures mildly

reduces the actual displacement as "}Ezgh) = alsg;) (At/ty) (=112
-~ 0.70’152};), where » >~ 0.5 is the experimentally measured

subdiffusive exponent in Fig. 2B. Another source of slight
underestimation of o}, comes from fitting the wings of the
distribution, which the fgltting procedure tends to underestimate
(81 Appendix, section 3). The remaining factor is that our
experiments are too slow to resolve the different transport modes
at low temperatures. Hence, the hopping measurements are
actually a mix of hopping and crawling steps. We will explore
this possibility next.

Crawling and Hopping Durations Are Diverging and Power-Law
Distributed. To investigate whether we can temporally resolve
the different transport modes at all temperatures, we extracted the
durations of crawling and hopping events from our data, T¢pyls
Thop Dy determining a step size cutoff from the intersection point
between the 2-Gaussian fit at each temperature (Fig. 44). The
average duration of each mode, (7¢rawi) and (7hop), dramatically
changes with temperature (Fig. 4B). Crawling phases last about
(Terawl) == 5 s at low temperatures but are much shorter at
high temperatures, (7¢awl) =~ At. In contrast, hopping phases
are short at low temperatures, (7o) = At, but longer at high
temperatures, (Thop) = 5 s. These observations suggest that we
are not fully resolving hopping phases at low temperatures and
crawling phases at high temperatures.

Steps that we identify as “hopping” at low temperatures may
contain a mixture of hopping and crawling motions, making
the measured step size smaller than it would otherwise be.
This is consistent with our theoretical model since the model
overestimated hopping step sizes at low temperatures. It is also
consistent with S/ Appendix, Fig. S12 showing probabilities of
either mode in log scale (Fig. 3 C, iii in log scale), where we
find experimental probabilities to hop are higher than in the
model. Similarly, steps that we identify as “crawling” at high
temperatures also contain some hopping, making them longer
than they otherwise would be. Yet, at high temperatures, the
model overestimated crawling step sizes. Differences between the

https://doi.org/10.1073/pnas.2318865121
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model and experiments at high temperatures may be dominated
by outlier particles with a higher ligand or receptor density.

The distributions of durations can be accounted for with
power laws as p(Tmode) = T;id;a‘““de (Fig. 4 C and D), at all
temperatures (S/ Appendix, section 5.1). The power-law scaling
isasign of non-Markovian dynamics, or memory, since switching
times should be exponentially distributed in a Markovian process.
Previous work has also observed similar power laws in the
distribution of times that particles appeared to be bound—which
can be compared to our crawling times (14, 28, 62). Here, we
show in addition that this is true also for the hopping times.

The exponent of the power law @0dc depends on the mode
and on temperature 7". For hopping steps, we find apop >~ 2 —3
at low temperatures while aop =~ 0.2 at high temperatures.
In contrast, for crawling steps, dcawl = 0.7 to 0.9 at low
temperatures and increases at high temperatures up to @l
1.5 to 2. When a < 1, the power law distribution predicts
that the mean duration of a mode diverges (Tmode) = 00,
since [ #(+717*)dz diverges. We highlight the temperature
points where @yode < 1 as gray dots in Fig. 4B, indicating that
experimental estimates of (Tmode) are likely inaccurate for these
points. In practice, the duration of a2 mode may still be finite
since long tails, including for DNA-coated colloid binding, can
have exponential decays in the very long range (14, 62). Overall,
the particles thus spend extremely long times in the crawling or
hopping modes at low or high temperatures, respectively.

6 of 10 https://doi.org/10.1073/pnas.2318865121

Anticorrelation between Subsequent Steps Is Related to Sub-
diffusion. How are these slow switching times connected to
subdiffusion? To understand subdiffusion, we must go beyond
our microscopic model (Eqs. 3 and 4) since it can only predict dif-
fusive motion. To do so, we will simply compare our dataset with
established classes of coarse-grained subdiffusive random walks,
here, continuous time random walks (CTRW), confined CTRW
(CCTRW), and fractional Brownian walks (FBM) (63). Briefly,
CTRW is a generalization of a random walk where the wandering
particle waits for a random time between jumps—which captures
to some extent the waiting between hopping events. The confined
CTRW is a CTRW with spatially bounded jumps—which could
capture the presence of heterogeneities in binding affinities on
the substrate. FBM is a generalization of a random walk where
the wandering particle jumps with noisy increments with long-
ranged time correlations—which could capture heterogeneities
or slow binding/unbinding dynamics of multiple tethers. Rather
than giving us a microscopic understanding, since none of these
frameworks can capture the presence of 2 mobile modes, these
mathematical concepts will give us a macroscopic insight into the
subdiffusive phenomena at play.

A previous investigation of only-hopping DNA-coated col-
loids (28) highlighted that subdiffusion could be explained within
the framework of CTRW, where the random time intervals are
sampled from the power-law distributions of hopping times. This
is deceptively supported by the fact that the measured exponent
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characterizing subdiffusion 7, as (+*(¢)) ~ #”, (Fig. 5C, black)
appears to be in close agreement, at least for 7 > 30 °C,
with the exponent for the power law distributions 7 >~ @crawl
(orange diamonds). However, we could find no explanation
for this fortuitous agreement. In fact, for CTRW, the mean-
squared displacement, averaged over particles and time windows
(as is done here, and in ref. 28), scales linearly as (r2(z)) ~ z.
It is a common misconception that CTRW should result in
subdiffusion (63-66).

To unravel the mechanism yielding subdiffusion in our
colloids, we calculate the velocity step correlation as (Ax(#)Ax
(t + A7)) with a variable time A7 in between steps and
Ax(t) = x(¢ + Atr) — x(t) the step size between 2 consecutive
frames (Fig. 54). Since it is hard to disentangle crawling and
hopping at some temperatures, we combine all modes for this
analysis. At low temperatures, we find the steps are anticorrelated.
The magnitude of the anticorrelation increases with decreasing
temperatures. If the interval 7y between frames is increased,
taking Ax, (£) = x(¢ + npAt) —x(¢) with ne = 1,2, ...10, then
the magnitude of the anticorrelation peak (Ax, (£) Axy, (£ + At)
consistently decreases (S Appendix, Fig. S16). Such a signature of
non-Markovianity, or memory, is quite visible even at the single
particle level (S Appendix, Fig. S16A) and corresponds, visually,
to switchbacks in trajectories, with traces remaining in confined
patches (Fig. 1D).

An anticorrelated velocity is reminiscent of both FBM and
CCTRW (63). Anticorrelation peaks, in contrast, do not appear
in CTRW (63). Both coarse-grained formalisms of FBM and
CCTRW allow one to extract a variable ayy,j from the relative
magnitude of the anticorrelation peak. oy, characterizes the
random walk and results in subdiffusion as (7% (z)) ~ £*Walk, We
find remarkable agreement between accrrw (blue diamonds)

PNAS 2024 Vol. 121 No. 41 e2318865121

and the subdiffusive exponent 7 (black dots), at all temperatures,
and a mild agreement between apgm (Fig. 5C, purple triangles)
and 7. In another dataset with a sticky fraction f = 100%, we
find that FBM agrees better with 7z than CCTRW. Whether a
FBM or a CCTRW better describes our system requires further
analysis such as ergodicity or asphericity measurements (64, 65),
unfortunately only accessible for much longer datasets than
ours. It is also a rather vain attempt since these macroscopic
walks cannot describe our systems well as they do not produce
two mobility modes. Rather, this suggests a key feature of
this subdiffusive process which any model must explain is the
anticorrelated steps.

Why do these switchbacks occur? The absolute value of the
switchback step size, shown in Fig. 5B, is about 20 nm for
temperatures below the melting temperature. Above the melting
temperature, the switchbacks are rare events and it is not possible
to estimate their size accurately. The typical extension of the

PEO-DNA brushes, ¢ ~ /kgT/k =~ 5 nm, where k =~

0.16 mN.m™! (37), is insufficient to explain the switchbacks via a
recoil effect. The system is completely overdamped, which rules
out inertial effects (67). The emergence of non-Markovianity
in this system is, therefore, entirely surprising. As a possible
explanation for subdiffusion, the visual link between switchbacks
and patchy trajectories in space points, nonetheless, to substrate
heterogeneity. Dense patches of sticky DNA could be a source
of “energetic confinement,” reflecting the CCTRW, making it
harder to escape dense sticky patches where the particle’s energy
is lower, resulting in switchbacks. Another possible explanation
could lie in the rocking motion of the colloids. Such motion
around a fixed tethering point would appear like a confined
translational motion. A 20 nm displacement would amount to a
0.04 rad = 2° rocking angle. If the patch of tethered DNA
is about 10% of the colloid’s size, this stretches a tether by
0.1 x R x 0.04 ~ 2 nm which is reasonable compared to
entropic stretching £ > 5 nm.

Discussion

In summary, we have observed 2 simultaneous, randomly alter-
nating mobility modes for micron-sized DNA-coated colloids:
hopping, corresponding to fast and long steps, that dominates at
temperatures above the melting temperature 7},; and crawling
with slow and short steps that dominates below 77,. Both hopping
and crawling occur at the single and ensemble particle level:
Particles rapidly switch between the 2 modes, with power-law
distributed switching times. Within our theoretical model that
captures the main features of the experiments, we interpret that
hopping corresponds to events where a particle detaches all bonds
from the surface, floats in free space, and reattaches. Crawling is
a cohesive move on the surface, where the particle is always
in contact through a few bonds. Crawling slows down with
decreasing temperatures as more bonds form and exert recoil
forces, explaining the strong mobility slowdown by orders of
magnitude. At low temperatures, switchbacks in the trajectory
become increasingly present, highlighting the emergence of
memory and consistent with the particles’ subdiffusive motion.
We hypothesize that these switchbacks originate from heteroge-
neous coating densities on the substrate or rocking motion.

Our analysis sheds light on seemingly disparate mobility results
in the literature (28, 30). In fact, the DNA-coated colloids in
ref. 28 were likely only observed to hop because the coatings were
low density, preventing strands from extending in a coordinated
fashion to crawl. Since the effective distance covered by hopping

https://doi.org/10.1073/pnas.2318865121
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decays even faster with cooling than crawling, this explains the
extremely fast slowdown of transport for the colloids in ref. 28. In
contrast, the DNA-coated colloids in ref. 30 were only observed
to perform cohesive motion at low temperatures. Since they
are densely coated, similar to ours, and were only investigated
below the melting temperature, our analysis shows that cohesive
motion (crawling) is predominant. We find that both hopping
and crawling occur for DNA-coated colloids with sufficiently
dense coatings.

Clearly, high-density coatings can increase a particle’s mobility
at low temperatures as they enable particles to crawl while
remaining attached. Remarkably, colloids with a higher fraction
of sticky ends crawl with a ~50% probability even at high
temperatures (S Appendix, section 6), although transport by
crawling is not as efficient to cover large distances as hopping
at these higher temperatures. Our analysis thus shows, through
the mechanism of crawling, why high-density colloids result in
improved self-assembly (14, 19, 20, 23, 48).

While our experiments and model provide valuable insights
into transport in ligand—receptor systems, they also raise a
number of questions and open broad avenues of inquiry. Thus,
to make further progress, we propose the following road map for
future investigations.

On the experimental side:

* acquire images with a refined time step to resolve each mode
accurately (Ar < 0.2 s);

* investigate long trajectories to assess particle-to-particle vari-
ability;

* track the 3D motion of particles to investigate the link between
lateral mobility and excursions far from the surface;

* track orientational motion to resolve rolling versus sliding
versus rocking dynamics in the crawling motion mode;

On the modeling side:

* design models with non-Markovian features at equilibrium, in
the binding process, building on ref. 68;

* account for spatially heterogeneous binding properties, which
are increasingly hypothesized to play a role in the mobility and
self-assembly features (69);

* link in- and out-of-equilibrium models e.g. inspiring from

refs. 35 and 70.

Our roadmap is linked with several open mechanistic ques-
tions. First, the diversity of modeling approaches, in particular in
the ways binding kinetics are accounted for (26, 35, 37, 44, 59),
suggests that studies that could shed light on the detailed binding
kinetics are still needed. These investigations are now within reach
with, for example, interferometric scattering microscopy (71).
How do collective long-time memory effects emerge from single
DNA strands that may, at the single DNA strand level, exhibit
intermittent hopping (72)? Since our method is limited to 2D
tracking, it is not possible to distinguish here between various
potential crawling modes, for example, between sliding or rolling
DNA-coated colloids. With the advent of 3D, superresolution
microscopy as well as advanced colloidal particle designs (73-75),
we may be able to distinguish these mobility modes. Furthermore,
separating each mode of motion should help uncover more
precisely the origin of subdiffusive motion (28), since some modes
may be more prone to memory effects than others (76). Such
detailed microscopic inquiries will further pave the way toward
advanced and rational programming of ligand—receptor motion.
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Materials and Methods

We report here only the main methods used for colloidal synthesis and tracking.
Other experimental details are discussed in S Appendix, section 1.

DNA-Coated Polystyrene Colloids. DNA-coated polystyrene (PS) colloidal
spheres are synthesized using the swelling/deswelling method reported in
ref. 47. Polystyrene-b-poly(ethylene oxide) copolymers PS(3,800 g/mol)-b-
PEO(6,500 g/mol) are purchased from Polymer Source Inc, and are first
functionalized with azide at the end of the PEO chain. Then, the PS-b-PEO-N3
chains are tethered to the PS particles using the swelling/deswelling method.
During the synthesis, 15 pL of 1 um particles (10 wiv, purchased from Thermo
Scientific), 125 plL deionized (DI) water, 160 uL tetrahydrofuran (THF), and
100 pl of PS-b-PEO-N3 are mixed at room temperature. The mixture is placed
on a horizontal shaker (1,000 rpm) for 1.5 h to swell the PS particles fully and
the PS block of the PS-b-PEO-N3 is adsorbed to the PS particle’s surface. Then,
THF is slowly removed from the solution via evaporation by adding DI water
while leaving the hydrophobic PS blocks physically inserted into the particles
and the hydrophilic PEO chains extending outinto the solution. The particles are
then washed with DI water 3 times to remove excess polymers. Single-stranded
DNA (ssDNA, 20 bases, purchased from Integrated DNA Technologies) with 5
dibenzocyclooctyne (DBCO) end modification, is clicked to the N3 (at the end
of PS-b-PEO-N3) through strain-promoted alkyne-azide cycloaddition (49). PS
particles previously coated with the PS-b-PEQ-N3 polymer brush are dispersed
in 200 pL of 500 mM PBS buffer, at pH 7.4. Then 10 pL of the mixed DBCO-DNA
(0.1 mM)are added to the suspension. For 100% DNA, we use 10 uL 5’-/DBCO/-
T14-ACCGCA-3/, and for f% DNA coverage we use a mixture of (f/100) x 10 plL
5'-/DBCO/-T14-ACCGCA-3"and (1—£/100) pLof 5'-/DBCO/-T20-3’. The mixture
is left to react for 48 h on a horizontal shaker (1,000 rpm). The final product
is washed in DI water 3 times and stored in 140 mM PBS buffer. The DNA
coverage density is measured using flow cytometry and we obtain a strand
density o = (3.27 nm) 2,

DNA-Coated Glass Substrates. DNA-coated glass substrates are prepared
using the same swelling/deswelling method. First, we spin coat an ultra-thin
PS layer to an ultra-cleaned 22 mm x 22 mm glass coverslip (purchased from
Bioscience Tools). The substrate is then swelled in the same copolymer PS(3,800
g/mol)-b-PEQ(6,500 g/mol)-N3 solution in THF for 4 h on a shaking stage. Then,
THF is slowly removed from the solution by adding DI and via evaporation. DNA
clicking is performed in a home-made Polydimethylsiloxane (PDMS) reaction
chamberfor48 h onashaking stage, thenwashed 10timesin Dl waterto remove
extra DNA. The entire sample is sealed in 140 mM PBS buffer (pH 7.4) with 0.3%
w/v pluronic F127 surfactant, using Ultraviolet (UV) glue to avoid any external
flow or evaporation of the buffer as we modulate the system’s temperature. The
DNA sequence used on the glass substrate is complementary to that on the
particles, 5'-/DBCO/-T14-TGCGGT-3'. All glass substrates are coated with 100%
sticky DNA 5’-/DBCO/-T14-TGCGGT-3'.

Tracking the Diffusion of DNA-Coated Colloids. To study the diffusion of
DNA-coated colloids, we track the motion of about 800 particles as they bind
and diffuse on the DNA-coated substrate. The sample is mounted on a lab
microscope (Nikon Eclipse Ti 60X, 72 nm pixel size, depth of focus 560 nm)
thermal stage with a homemade temperature controller. We keep the shutter
open during the acquisition. Hematite tracer particles are embedded and fixed
on the substrate and are used to substract camera drift during the tracking.
Displacement measurements are performed by tracking particles over the
temperature range 28 to 72 °C. 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, particles diffuse faster and we only track
them over 5 min. Images are then analyzed using the TrackPy software to obtain
individual particle positions with time (50). Particles that do not move at all,
even at high temperatures, are removed from the analysis. Such particles (less
than 5%) likely have low DNA coverage or are found in a low-density DNA region
where steric repulsion is not sufficient to screen van der Waals attraction, and
are, therefore, stuck or “crashed" on the surface.
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To avoid biases from excursions in the vertical direction, we stop trajectories
when particles leave the field of view due to e.g. buoyancy. Our trajectories are
generally sufficiently long that these effects represent only a minor fraction of
the motion. At temperatures below the melting temperature, all trajectories last
more than 20 frames (4 s). Above the melting temperature, only 50% of the
trajectories last more than 20 frames (for colloids with a fraction of sticky ends
of 5%). In mode duration analysis we remove the beginning and the end of the
trajectory so that our analysis is not biased by these excursions.

Data, Materials, and Software Availability. Integration codes used to
generate model curves are published (77). Original trajectories of 5% DNA-
coated colloids at the differenttemperatures investigated are available in ref. 78.
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