UC Santa Barbara
UC Santa Barbara Previously Published Works

Title
Dynamic interfaces for contact-time control of colloidal interactions.

Permalink
btt_ps://escholarship.orq/uc/item/7h7826k7|

Journal
Soft Matter, 19(30)

Authors
Xu, Yaxin
Choi, Kyu
Nagella, Sachit

Publication Date
2023-08-02

DOI
10.1039/d3sm00673e

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7h7826k7
https://escholarship.org/uc/item/7h7826k7#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Soft Matter. Author manuscript; available in PMC 2024 August 02.

-, HHS Public Access
«

Published in final edited form as:
Soft Matter. ; 19(30): 5692-5700. doi:10.1039/d3sm00673e.

Dynamic interfaces for contact-time control of colloidal
interactionst

Yaxin Xu&*, Kyu Hwan Choi®", Sachit G Nagella?, Sho C. Takatori®¥
aDepartment of Chemical Engineering, University of California, Santa Barbara, Santa Barbara,
CA, USA.

Abstract

Understanding pairwise interactions between colloidal particles out of equilibrium has a profound
impact on dynamical processes such as colloidal self assembly. However, traditional colloidal
interactions are effectively quasi-static on colloidal timescales and cannot be modulated out of
equilibrium. A mechanism to dynamically tune the interactions during colloidal contacts can
provide new avenues for self assembly and material design. In this work, we develop a framework
based on polymer-coated colloids and demonstrate that in-plane surface mobility and mechanical
relaxation of polymers at colloidal contact interfaces enable an effective, dynamic interaction.
Combining analytical theory, simulations, and optical tweezer experiments, we demonstrate
precise control of dynamic pair interactions over a range of pico-Newton forces and seconds
timescales. Our model helps further the general understanding of out-of-equilibrium colloidal
assemblies while providing extensive design freedom via interface modulation and nonequilibrium
processing.

1. Introduction

The material properties of colloidal suspensions depend on the multibody interactions
between constituent particles.? These interactions may be programmed through
functionalizing colloids with surface species such as DNA linkers?= or polymer brushes®:’
to guide or hinder colloidal aggregation. In modelling such systems, one typically assumes
a separation of timescales between the rapid relaxation of surface species and the colloidal
Brownian diffusion® to obtain an effective, ‘static’ pair potential, which solely depends on
the instantaneous pair separation.®-1% Although only exact at equilibrium, static potentials
have been applied successfully to describe many colloidal suspensions out of equilibrium.
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In some cases, however, nonequilibrium processes such as hydrodynamic flows!! or kinetic
arrest12 drive colloids together or apart faster than the surface species equilibration, resulting
in a nontrivial interplay between the macroscopic process timescale and kinetics at the
contact interface. For instance, the stiffening of particle-particle contacts in dense colloidal
suspensions can lead to logarithmic growth in the elastic moduli over time, in the absence of
microstructural changes.13:14 Additionally, theoretical work has shown that suspensions of
polymer-grafted particles can exhibit shear thickening through hydrodynamic interactions
and contact relaxation.1®16 Dynamical interactions are also biologically relevant; cell
membranes are coated by receptors and biopolymers which spatially rearrange over cell-cell
contact timescales of seconds to minutes to trigger T cell activation.1”:18 In these systems,

a static potential is likely inadequate for predicting nonequilibrium pairwise interactions. By
modulating the intrinsic timescales at colloidal contacts, we aim to engineer a dynamic pair
potential for multiscale control of colloidal interactions out of equilibrium.

Consider the system in Fig 1: two colloids are coated by end-grafted polymers whose
grafting sites are free to diffuse laterally along the surfaces. Colloids are brought to a small
separation distance instantaneously and held fixed at those positions. Shortly after contact,
colloids experience a strong steric repulsion due to polymer overlap between opposing
surfaces. However, through grafting-site diffusion and chain relaxations at longer times,
the polymers assume configurations that lower their overall energy, thereby reducing the
effective repulsion experienced by the colloids. This contact-time dependent interaction
relaxes over colloidal timescales and can affect overall suspension dynamics. Mechanistic
understanding of these interactions has not been previously considered theoretically or
experimentally.

In this work, we combine theory, simulations, and experiments to directly measure the
force transmission between two colloidal particles coated by surface-mobile polymers as
a function of their contact time. We find that the relaxation timescale of this dynamic
interaction is modulated by nonequilibrium protocols such as colloid approach speed.
Our mechanical understanding of dynamic pair interactions may help predict the out of
equilibrium assembly of colloidal structures.

This paper is organised as follows. A brief overview of the theoretical model and simulations
is presented in Section 2 and the experimental method is detailed in Section 3. In Section

4 we present results and analysis of contact-time dependent intercolloidal forces between
two polymer-coated colloids as the system relaxes toward equilibrium and show how these
interactions are precisely governed by nonequilibrium forcings. The paper closes with a
discussion of these data in Section 5 as well as a simple demonstration of how surface
modifications may be leveraged to engineer different types of dynamic interactions.

2 Theoretical Model

2.1 Smoluchowski Theory

For the system shown in Fig. 1, we now provide an overview of an analytical theory to
capture relaxation dynamics of surface-bound, semi-rigid polymers. The probability density

Soft Matter. Author manuscript; available in PMC 2024 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

Page 3

p(h,t1 H) of finding a monomer at position h, given two colloids of size 4, at a separation H,
satisfies the Smoluchowski equation:
op _

E__Vh'.] 1)

where the flux contains thermal and interparticle contributions:

j=-D,Vip—D,pV,V(h|H)/kT . @

Neglecting hydrodynamic interactions for now, D, is simply the Stokes-Einstein-Sutherland
(SES) diffusivity of the monomer. One may opt for a more sophisticated form of D, for
surface-mobile, end-grafted polymers, but we will use the SES diffusivity for simplicity.
Assuming semidilute polymers, the interparticle potential V = V. + Vs is @ sum of the
entropic penalty of chain stretching and hard-core repulsion between monomers (see Sl for
functional forms). Normally, the translational motion of the colloids would also produce an
advective particle flux contribution, vpe., which scales with the approach velocity, v.19-22
Because our model aims to capture the transient relaxation after colloidal motion has
ceased (v = 0 for ¢ > 0), we choose to set an initial, nonequilibrated concentration field to
represent the state of monomers at = 0 (see Sl). Eq. 1 is numerically evaluated using the
finite element software package FreeFEM++22 for an arbitrarily-large 3-dimensional volume
which includes both colloidal particles and the two polymer brush domains.

2.2 Brownian Dynamics Simulations

To validate our theoretical model, we also perform coarse-grained Brownian Dynamics (BD)
simulations using HOOMD-Blue, a GPU-accelerated simulation package (Supp. Video 1-
3).24 All particles in the simulation follow the overdamped Langevin equation of motion:

AX, P R

—_— = F F |/

x| o+ E e ®
interactions  Brownian

with contributions from interparticle interactions and thermal forces satisfying fluctuation
dissipation theory. In Eq. 3, x, is the position of particle i, and ¢ = 3z4d, is the drag
coefficient. Polymers are modeled with identical properties using a Kremer-Grest bead-
spring model with semi-flexibility,2> where the grafting site is allowed to undergo diffusive
translation along the surface (Fig. 1). To quantify the effective colloidal interaction mediated
by brushes of mean height &, polymerization M and surface density »,, we compute the
force (F(h,t1 H)) exerted by polymers on the colloids along their line of centers, where

F= —n,Moa,V and the brackets {...) = %/p...dh. Polymer parameters and interactions with

are chosen to match the experimental system (see Sl).

3 Experimental Methods

In this section, we briefly summarize our experimental realization of surface-mobile
polymer-coated colloidal particles and our interparticle force measurement technique.
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All force measurements were conducted using the optical tweezer (OT) setup described
in Fig. 2a.26 Two polymer-grafted beads were held in two separate optical traps

focused more than 40um from the bottom cover slip. A supported lipid bilayer (SLB)
containing dioleoyl-sn-glycero-3-phosphocholine (DOPC) was constructed on d, = 4um
silica beads to enable mobility of surface species (Fig. 2b,d).2” We chose filamentous
actin (F-actin) as the grafted polymer for its ability to polymerize to large lengths?® and
well-known mechanical properties.2?-30 F-actin is known to polymerize to large length
distributions,?8 and polymerization was quenched after reaching a length distribution of

2 - 20um by washing out unreacted materials. F-actin was end-grafted on the SLB

by 6x-histidine tagged gelsolin to an anchoring lipid, 1,2-dioleoyl-sn-glycero-3-[(N-(5-
amino-1- carboxypentyl)iminodiacetic acid)succinyl] (DGS-NTA(Ni)), which was doped
in the bilayer over a range of 0 — 10% to vary F-actin surface density between

Nuin & 0 — 12,000/ um? (Fig. 2¢, Supp. Video 4, see Sl for F-actin density characterization).
The mean separation between grafting sites is 10 — 20nm, such that F-actin assumes a
brush configuration. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) labeled with
Atto-488 was added at 1% for fluorescence.

To characterize pair interactions out of equilibrium, a pair of colloids is placed in separate
optical traps; one trap is stationary whereas the other trap translates at a fixed speed

(v =0.5-10um/s) to bring the colloids from a large separation (35um) to a closest distance
of 400 - 500 nm before being fixed at this position for 20s (Fig. 2e, Supp. Video 5-6).

We then measured the stationary colloid displacement about its trap center at every time
step, dx, following (F) = F,., = . - dx, with a trap stiffness x, = 0.5 — 0.7pN/um. During the
approach step, we did not observe convection-induced accumulation of F-actin to the rear
of the colloid (Supp. Video 6), indicating that hydrodynamic forces do not macroscopically
perturb the polymer distribution.

4 Results

4.1 Brush-mediated interactions relax over timescale of colloidal contact

In Fig. 3a, we plot the force exerted between the colloids as a function of the inter-colloidal
separation H for a family of contact times. The inset shows cross-sectional monomer density
solutions to Eq. 1 - 2 for short and long contact times. At a given separation, we observe

that the repulsive forces decay as a function of contact time. At small times, r < d:/D,, we
observe a repulsive force that strengthens when brushes are fully overlapped, (H - d.) = h,,
resulting from high osmotic pressure across the contact interface.l When the contact times
exceed the diffusive timescale for the grafting site to explore the colloidal surface, =, ~ d’/D,,
polymers chains and their grafting sites have substantially depleted from the interfacial
region, resulting in an order of magnitude decrease in force. Unlike static pair potentials,
this dynamic interaction is unusual because the colloids’ instantaneous separations do not
fully capture their force and stress transmission. We also note that this dynamic interaction
is governed by the intrinsic, diffusive timescales of the polymers and is distinct from
externally-imposed, time-varying potentials.31-33
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In the late stage, infinite time limit, taken to be lD,,/dcz = 20, compressed polymers fully
relax through diffusive redistribution of their grafting sites out of the contact interface and
spatial reorganization of the polymer chain. In Fig. 3b, we plot the colloidal force as a
function of contact time when colloids are in contact at the closest separation, H = dc.

We show that the force decays exponentially towards the equilibrium value, suggesting a
characteristic relaxation timescale associated with polymer reorganization over the colloidal
surface. This relaxed force is weaker than static repulsion between polymer brushes whose
grafting sites are not laterally mobile.1:34-36 We find good agreement between theoretical
predictions and our BD simulations despite the simplicity of our polymer model.

4.2 Surface-mobile F-actin mediates dynamic colloidal interactions

So far, we have demonstrated that a nonequilibrium interaction exists between colloids
coated with surface-mobile polymer layers through a theoretical model and BD simulations.
Next, we present the experimental realization of this system. In Fig. 4, we plot the
interaction force against time for various approach velocities, where the translating trap
stops motion at r = 0. We observed that the repulsive forces increase as the two colloids
approach for times ¢ < 0 due to F-actin interactions with the opposing colloidal surface, and
is maximized at the closest separation, { F(t = 0)) = F,... At the fastest approach velocity,
10um/s (black curve), the repulsive force relaxes from F,,, to the equilibrium force, F.,

on an observable timescale, 7, ~ 2.5s, consistent with literature values for F-actin spatial
reorganization over the colloidal size, r,~4um?/D, ~ 2.7s, where D, = 1.5um?/s is F-actin
diffusivity in solution.3” We therefore rationalize that the in-plane fluidity of the membrane
surface enables an exquisite control over the reorganization of F-actin at the contact
interface and the force transmission between the colloids.

At slow approach velocities, 0.5um/s, the repulsive force between the colloids immediately
equilibrates — their interactions are quasi-static because the polymers have sufficient time to
reorganize during every step of approach. This equilibrium force is related to a potential

of mean force, Fys,m. = — /p.,duVdh where p,, = e=V/%sT is the equilibrium monomer
distribution, and is analogous to the infinite contact time limit of Fig. 3a where interfacial
polymers have fully relaxed.

As a control, we show that the forces between SLB-coated colloids without F-actin remained
approximately zero throughout, except for the small peak associated with a lubrication force
at the largest velocity. The small negative F., ~ 50fN indicates a weak, van-der Waals-type
attractions.

Figure 4 is an experimental realization of our simulations in Fig. 1 and 3, where two colloids
placed quickly into contact experienced a repulsive force that decays with contact time.
Using our membrane-coated colloids with different surface conditions, one can create a
range of designer pair potentials with tunable contact-time interactions, as demonstrated
theoretically in Fig. 3.

Soft Matter. Author manuscript; available in PMC 2024 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al. Page 6

4.3 Nonequilibrium timescales compete with surface polymer relaxation

The contact-time dependent interactions in Fig. 3 and 4 arise from the nonequilibrium
distributions of interfacial polymers. Therefore, any process that moves the colloids in and
out of contact on a timescale that competes with polymer relaxation, such as hydrodynamic
fluid flows and other non-conservative body forces, can induce a dynamic interaction. To
understand the impact of these competing timescales, we systematically varied the approach
velocities of the colloids leading to their closest separation.

In Fig. 5a, we measured the effective force as a function of approach velocity at a fixed
colloidal separation (H = 8um) for two actin surface densities, 12,000/xm? and 3,000/ ym?.
We observe that the effective colloidal force increases for higher surface densities, consistent
with our hypothesis that the polymer-mediated repulsion is induced by increased osmotic
pressure (Fig. 3a, inset). Also, the forces generally increase for higher approach speeds,
which we attribute to the degree of F-actin compression at the contact interface. During a
“fast” approach (v > 2um/s), F-actin of mean height A, ~ 5um is compressed at a timescale
Toocess ~ /U = 2.5s, Which is comparable to the F-actin reorganization on the colloid surface.
Thus, polymers compress without having sufficient time to explore favorable configurations.
Higher approach speeds induce an increasingly dense layer of interfacial F-actin, generating
stronger forces. This repulsion begins to plateau at the highest approach speed (10um/s),
possibly because polymers cannot infinitely accumulate. Note in Fig. 5a that the theoretical
polymer configurations were generated for the initial approach (see Sl for polymer
initialization).

Our results confirm that faster approach processes drive polymers further away from

their equilibrium distribution. Therefore, the approach timescale should not only influence
the strength of polymer-mediated interactions but also control their relaxations toward
equilibrium. In Fig. 5b, we plot the characteristic relaxation time =, of the effective force
as a function of approach speed. In experiments, theory, and simulations, = is taken to be
the time for the instantaneous force to relax 90% toward the equilibrium value F., from the
peak value, F,,. We observe that the relaxation time increases with faster approach speeds,
suggesting that polymers equilibrate more slowly when strongly compressed.

Interestingly, the relaxation time is independent of the F-actin surface density (Fig. 5b).
From our flux expression (Eg. 2), we conclude that it is the gradientsin polymer
concentration along the colloidal surfaces, v,p, which drive relaxation towards equilibrium.
This is reminiscent of Marangoni forces that drive surfactant molecules from high to low
concentrations.38 Such a trend supports our theoretical framework of modeling relaxation
as a diffusion-mediated process, as opposed to other mechanisms that depend on polymer
concentration.

4.4 Fluid-mediated effects on colloidal interactions

4.4.1 Lubrication approximation on bare particles—In Fig. 5, we have found that
a free-draining model of the F-actin layer sufficiently captures the key physics behind our
experimental trends. In general, however, fluid-mediated effects cannot be neglected. As a
control, we now show that forces between SLB-coated colloids without F-actin scale linearly
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with approach speed, which is consistent with low-Reynolds number hydrodynamics (Fig.
5a, Supp. Video 7).39

As shown in Fig. 2e, the moving bead is brought to the stationary particle at a fixed

speed until they reach close contact. For bare, SLB-only colloids, the observed maximum
in the force F,,, primarily due to fluid-mediated hydrodynamic interactions. During the
approach process, the translating colloid diverts fluid from the interfacial gap between it
and stationary particle, generating viscous drag forces. When the interfacial gap thickness
is much smaller than the particle radius, the pressure difference between the interface and
the surrounding bulk medium increases significantly to expel fluid from the thin film.
Reynolds considered the asymptotic limit of a sphere approaching a planar surface and
determined that the hydrodynamic force scales sensitively with the aspect ratio between the
gap size eand the particle diameter 4.0 Equivalently, here we consider the two particles
asymptotically approaching the symmetry plane between them, i.e. e = (H — d.)/d. < 1,
such that, to leading order, the lubrication force due to the squeezing motion is given by

FH < 3andoe=1 + O(In(¢)).4

In Fig. 6 we compare the measurements of F,,, with the instantaneous velocities of the
stationary bead v, along the direction of tweezer motion, computed from the displacement
time-trajectories. The slope of the force-velocity data provides the hydrodynamic resistance.
Upon closest approach (H — d. ~ 400nm), the stationary particle moves away from the
incoming bead due to the hydrodynamic force (see Supp. Video 7). When the moving
particle stops translating, the stationary bead reverses its motion. This momentary
configuration of the beads is convenient to analyze, as the moving particle is now held in
place (v, = 0) while the stationary particle moves towards the laser focus at an instantaneous
velocity v,. In general, there are additional resistances due to the coupling between the
forces and rotations. For example, a torque-free particle can simply rotate in response to
local shearing by the fluid flow, effectively reducing the translational resistance. However,
in the thin-gap limit, the leading-order resistance due to the force-rotation coupling scales as
In(¢).*2 Therefore, we expect the force response on the stationary colloid to behave as

F'~(e™ v, + O(In(e)), o))

¢ = 3and, is the colloidal drag coefficient. We calculated F* ~ 0.39pN/um/s and find

that experimentally, the bare particles is to within order of magnitude of the Reynolds
prediction. The overestimation of the theoretical result may be attributed to neglecting the
higher-order corrections to the hydrodynamic force between approaching spheres with and
without rotations. By balancing the lubrication force with the optical tweezer force, we
predict a short and constant relaxation time zq; = 3z1d2/(2(H — d.)) ~ 1s, in agreement with
our experimental observations (Fig. 5b).

4.4.2 Effect of end-grafted F-actin on hydrodynamic resistance—The addition
of F-actin on the lipid bilayer surface increases the hydrodynamic resistance to solvent flow
during bead approach (Fig. 6). We rationalize this enhancement in the observed resistance
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by considering the increased viscous dissipation inside the polymer layer. Whereas the
solvent flows unimpeded out of the interfacial volume for two bare beads, introducing the
polymer layers sets up a locally porous medium that inhibits fluid flow. However, because
increasing the surface density of F-actin corresponded to a larger interparticle separation
at closest approach, the peak force measurements were not taken at small gap separations
and straightforward application of lubrication theory will not demonstrate agreement with
the experimental data. Should the gap separation be consistent with the compression of
the end-grafted F-actin layers, we may refer to existing theories for a prediction of the
hydrodynamic force.

Viscous flows through porous media are typically modeled using the Brinkman equation
which accounts for the medium permeability by introducing a source term to the Stokes

equations.#3 Fredrickson and Pincus applied a lubrication-type analysis of the Brinkman
equation to determine the hydrodynamic force between two grafted polymer surfaces.**

Modelling the local structure within the thin-gap as a semi-dilute polymer solution, they
determined the permeability in terms of the equilibrium mean separation between chains
and its dependence on gap separation (i.e., £). While this hydrodynamic force scales as

FH o e—%, a weaker dependence on the geometric aspect ratio than in the Reynolds result,
the magnitude of the lubrication force is enhanced through incorporation of a polymer
hydrodynamic screening length, &,;. This enhancement is consistent with the intuition

that the polymer layer impedes fluid flow and is qualitatively observed through surface
force measurements.36-4% Such an analysis would be valid on the nonequilibrium process
timescales which are slower than that of F-actin reorganization, so that the grafted layer
behaves as a “static” mesh whose structure is unperturbed by fluid flow. Otherwise, one
would have to self-consistently solve the Stokes equations with a model for the body force
that couples to the polymer dynamics#647, which we will leave to future work.

5 Discussion

In this paper, we have demonstrated that functionalizing colloidal surfaces with laterally-
mobile, end-grafted polymers generates a dynamic pair force which relaxes as a function

of colloidal contact times. We observe that timescales of nonequilibrium processes

driving colloids into contact non-trivially compete with the timescale of polymer brush
reorganization away from the contact interface. Previous work has shown that F-actin in
concentrated systems becomes rotationally immobile due to entanglement and hinderance
by neighboring filaments.#8 At the surface concentrations probed in our study, the average
distance between grafting sites is 10-20nm, versus the actin lengths of O(ym)). We do

not expect surface-bound F-actin to pivot significantly about its anchoring point and relax
through rotating away from the contact interface. We believe that slight deformations in

the underlying lipid membrane by anchoring sites also cannot enable rotational mobility
across the micrometer length scales of the contact interface.4%-°1 Additional effects that can
influence the net interaction include frictional forces between adsorbed polymer layers,52-55
underlying lipid-membrane deformations due to anchoring proteins,*%-5! and fluid-mediated
forces within polymer layers.4447:56 While a more accurate model that accounts for these
interactions is left to future work, we have obtained proficient agreement between our
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Smoluchowski theory with BD simulations and OT experiments. We believe our simple
framework captures the essential nonequilibrium physics of polymer-mediated forces and
relaxation at colloidal contacts.

We conclude this work by observing that surface chemistry and composition may

be leveraged to engineer different types of contact-time dependent interactions. As

a demonstration, we synthesize F-actin-coated colloids whose bilayers contain 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), which forms more rigid membranes
compared to DOPC lipids.5” Interestingly, the DPPC membrane organizes F-actin into rigid,
protruding bundles with immobile and non-rotating grafting sites (Fig. 7a,b, Supp. Video 8).
We surmise that micro-phase separation on the bead surface®8 induces gelsolin to form small
patches, thereby organizing F-actin into bundles.

In Fig. 7c, we perform OT experiments to compare the effective colloidal force between
DOPC and DPPC membrane conditions as a function of colloidal separation at a fixed
approach speed (0.5um/s). Unlike DOPC colloids, we observed sharp force increases

and buckling when F-actin bundles on DPPC colloids begin to overlap, H = 10um (Fig.

7¢). Unlike the DOPC systems, the force profiles associated with F-actin on DPPC

colloids do not demonstrate significant relaxation at velocities between v = 0.5 — 10um/s. We
hypothesize that the surface diffusion of F-actin on DPPC bilayers is significantly impeded
by stiff bundle formation. Mechanistic understanding of the force transmission between
bundle-forming F-actin layers is left for future work.

More generally, our conceptual framework of contact-time dependent interactions is
applicable to systems beyond pair interactions of lipid-coated particles. For example,

the interactions of a third colloid to a dimer would depend on surface rearrangement

of mobile species. By extending to N-particle interactions, we can engineer the kinetics
and morphology of multi-body assemblies. Our framework is also applicable to multi-
component interfaces with adhesive linkers and repulsive brushes, analogous to ligand-
receptor binding at crowded cell-cell junctions, and allows us to dynamic tune between
repulsive and attractive interactions. More recently, explicit considerations of surface-
mobile binding sites and their binding dynamics has been shown to influence colloidal
self-assembly.>9:60 Understanding contact-time dependent pair interactions may assist

the programmable design of higher-order structures in similar systems. The timescale
competition between hydrodynamic shear and dynamic pair interactions may also impact
particle suspension rheology.®1 Finally, our framework may help understand other complex
dynamic interfaces such as surfactant-laden emulsions,52:63 colloids coated by polymers
with adsorption and desorption rates,54° cell surfaces where proteins undergo lateral
rearrangement upon cell-cell contact,1” and uptake of macromolecules on membranes with
characteristic wrapping times.56

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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short contact time

polymer relaxation ¢

Neeoey

long contact time

Fig. 1.
Brownian Dynamics (BD) snhapshot of colloids coated with surface-mobile polymers. Two

colloids (blue) with diameter d, at separation H are coated by same-length, end-grafted
polymers (red) with surface-mobile grafting sites, mean height ,, bead diffusion coefficient
D, and bead diameter d,. When the colloids are brought into a distance H < 2k, over a

short timescale ... < d:/D,, the polymers are forced into nonequilibrium configurations
and generate a large effective force (F) between the colloids. As the polymers relax towards
equilibrium, the effective interactions decay.
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" hold a position

b ikV

Fig. 2.
Experimental setup of a pair of Filamentous actin (F-actin) coated colloidal particles. (a)

Schematic of optical laser tweezers and trapped particles in solution. (b) F-actin length
ranges from 2um to 20xm, with a mean h, ~ 5um. (c,d) Fluorescence images of F-actin
(red) bound to the lipid bilayer (green) containing polyhistidine tagged gelsolin and DGS-
NTA(Ni). (e) Force measurement method. Inset shows the displacement from laser focus
(red dot) to the mass center of the stationary colloid (yellow dot). All scale bars are 5um.
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Fig. 3.

Efgfective repulsive forces between polymer-grafted colloids decay as a function of colloid-
colloid contact time due to polymer relaxation at the contact interface. (a) Effective colloidal
forces as a function of H for short (black) to long (yellow) contact times. Inset shows
numerical solutions of Eq. 1-2 for polymer density p at short (top) and long (bottom)
contact times, with the late stage, infinite time force measured at D,/d,> = 20. Dark regions
indicate higher polymer density. (b) Effective colloidal force as a function of contact time at
colloidal contact, H = 4.. Solid lines are numerical solutions to Eq. 1-2, and markers are BD
simulations.
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Otime ¢ (sec)5

10

F-actin grafted on lipid bilayer-coated silica colloids generates contact-time dependent
interactions between colloids. Plot shows force as a function of time on beads with F-actin
surface density n,.;, ~ 12,000/ um? and a separate measurement for bilayer-only control. Solid
lines are time-average curves with approach speeds of 0.5 um/s (blue), 2um/s (red), and
10um/s (black), averaged over five colloidal pairs. Times ¢ < 0 correspond to the approach
step and ¢ > 0 represent times when the colloids are at close contact (see Sl Fig. 4).
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Nonequilibrium process timescale modulates strength and relaxation of dynamic colloidal
interactions. (a) Effective colloidal force versus approach speed at a center-center separation
of 8m, for large actin density (12,000/um?) (black), moderate actin density (3,000/um?)

(red), and SLB only (blue). (b) Relaxation time from peak force versus approach speed.
Dashed curves are solutions to Eq. 1-2, filled circles are experiments, and crosses are BD
simulations.

Soft Matter. Author manuscript; available in PMC 2024 August 02.




Xu et al. Page 18

> 10 e SLB
= 2 9 - 2
5 e F-actin 3000/um
= 1 @ F-actin 12,000/pm?
g 0.8 l
@ | 11.07 £ 0.03
S'-. I 1

= 0.6 | |

2 1 4

é 0.4 - {

S .
> F
=
= 0.2
= ~210.33 £0.03 ;
Z -
5
(z 0.0 1
a i 210.26 £0.02

_02 T T T T T ¥ [ T T !
0.0 -0.2 -0.4 -0.6 -0.8 -1.0
V4 (um/s)
JC> Fig. 6.
= Maximum trapping forces on the stationary bead generally scale linearly with the
S instantaneous velocity v,, upon closest approach with the moving particle. The instantaneous
% bead velocities v, were determined by time-differentiating the stationary bead displacements.
2 Forces at v, = 0 are the equilibrium interactions between the particles, taken to be the
8‘ “quasi-static” limit.
=
>
=
=0
Q
<
)
>
c
%)
Q
=t
Soft Matter. Author manuscript; available in PMC 2024 August 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Xu et al.

(@]

0.8 —

F-actin

force (F) (pN)

10 . 15
separation H (um)

Fig. 7.

Le?ss-mobile surface-grafted F-actin spontaneously organizes into rigid bundles, inducing
steep and repulsive interactions which buckle when colloids are brought together. (a)
Fluorescence image of end-grafted F-actin bundles coating the colloid whose SLB contains
DPPC lipids and 10% DGS-NTA(Ni). All scale bars are 5um. (b) Schematic of bundled
F-actin with a mean bundle length 2m, whose grafting sites are immobile, non-rotating, and
phase-separated on the SLB surface. (c) Effective force changing in colloidal separation H
when actin-coated colloids approach at 0.5um/s. F-actin anchored to less-mobile DPPC SLB
(red) mediates sharp force increases and buckling near H = 10um, in contrast to monotonic
repulsion when anchored to the more-mobile DOPC SLB (black).
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