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1 Theoretical framework and simulations

1.1 Theory development

In this section, we model nonequilibrium distribution of polymers with laterally-
mobile grafting sites on the surface of two colloids when they are brought into
contact. We consider their probability distribution through a Smoluchowski
equation and model the relaxation of interfacial polymers via monomer diffusion.
Finally, we calculate the instantaneous, polymer-mediated force exerted between
the colloidal pair at close contact.
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1.1.1 Smoluchowski Equation

We consider two colloids of size dc in a Newtonian fluid with viscosity η, where
one is located at the origin and the other at relative position r. The colloidal
surfaces are each coated by semi-rigid polymer brushes of polymerization M
and surface density nρ that are able to diffuse laterally across the surfaces. The
conditional probability distribution PN (h1, ...,hN , t; r) of finding N monomer
particles at relative position h1, ...,hN for a given colloidal separation r satisfies
the time and space-dependent Smoluchowski equation:

∂PN

∂t
+

N∑
i=1

∇i · ji = 0 (1)

with the flux of α given by:

ji = −
N∑
j=1

DijPN · ∇j

(
lnPN +

Vtot

kBT

)
(2)

where Vtot(h1, ...,hN ; r) is the total potential energy, and Dij is the diffusivity.
In the absence of hydrodynamic interactions, the monomer diffusivity follows
the Stokes-Einstein-Sutherland relation Dij = IijkBT/ζi.

Eq. 1 is integrated over N-1 monomer degrees of freedom to recover Eq.(1)
- (2) in the main text. In doing so, we have neglected higher order moments
that, in general, involve expanding the conditional probability by fixing more
particles in place, similar to a BBGKY hierarchy.[1] Such a closure is valid
when the monomers are semidilute, is which generally taken to be at volume
fractions under 30%.[2] The governing equation satisfies monomer mass conser-
vation

∫
ρdh = 1 and no flux at colloid-monomer contact. Note that the total

potential energy is replaced with a mean-field potential V which accounts for
interactions between the monomer and the two colloids. We next discuss the
polymer brush model used to approximate V .

1.1.2 Particle Interactions

The equilibrium monomer number density at position z above the surface in a
polymer brush is approximated as a smooth, gaussian profile:

neq(z) ≈ nρe
−(z2−h2

0)/h
2
0 (3)

where h0 is the mean brush height. Beyond z = h0, the monomer is heavily
penalized by the entropic elasticity of the polymer chain. Note that h0 ∼ 9µm
is set using the simulations.

From the equilibrium monomer distribution, the mean field pair potential
between the monomer and the reference colloid can be defined as

Vsingle colloid(z) = −kBT ln(neq(z)/neq(0)). (4)
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We now approximate the potential of the monomer around two colloidal
particles by summing the Boltzmann distributions of the monomers around
each colloid at equilibrium:

V = −ln(neq(||h||) + neq(||h− r||)) (5)

Under this definition, we recover the equilibrium distributions of polymer den-
sity around both colloids when in the limit of non-overlapping brushes, H ≫
2h0 + 2dc. We further note that the intrinsic hard sphere collisions between
colloids and monomers VHS = Θ(||h||)+Θ(||h− r||) do not explicitly enter into
the potential but is instead incorporated as the no flux boundaries discussed
previously.

Given the pair interaction potential V , the effective polymer mediated force
on the reference colloid directly follows as ⟨F⟩ = nρM

∫
ρ∇rV dh+nρM

∮
ρn1dS1,

where the first term is the elastic force and the second term represents the os-
motic force resulting from increased hard sphere collisions at contact. We define
F = F ·ex as the force magnitude along the colloidal line of centers. At equilib-
rium, this polymer mediated force is weaker than the potential derived by Dolan
and Edwards for compressed polymer brushes whose grafting sites are immobile
[3] because (1) our model neglects forces resulting from chain compression and
(2) laterally-mobile polymers can exclude from the contact interface.

1.1.3 Colloid Approach Speed

Up until now, we have defined an evolution equation for the monomer when
colloidal particles are fixed in space, governed by thermal diffusion and inter-
particle forces. In order to consider the nonequilibrium dynamics as the colloidal
system relaxes, we require an appropriate nonequilibrium starting configuration
of monomer density ρ. We hypothesize the starting monomer configuration is
modulated by the speed at which colloids are brought into contact. The inter-
facial concentration of monomers on opposing colloidal surfaces should increase
proportionally to the speed at which colloids are compressed, ρ ∼ Peρeq, where
we have defined a Péclet number Pe = vσ/Dρ for the relative timescale for
colloids to compress the polymer brushes versus the diffusive motion of the
monomers. Note that ρ(h, t = 0|r) is normalized to satisfy mass conservation
over all h.

1.1.4 Fluid-Mediated Effects between Colloidal Particles

To determine the hydrodynamic force in the friction-dominated limit, one must
solve the Stokes equations in the incompressible solvent

∇2u−∇p = f , (6)

∇ · u = 0, (7)

where the local velocity field u is driven by any combination of moving bound-
aries (e.g., the beads in motion), dynamic pressure gradients ∇p, or body forces
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f . As the Stokes equations are linear in velocity, so, too, are the hydrodynamic
forces. That is, FH ∼ ζcv, where ζc is a drag coefficient. For an isolated, trans-
lating sphere, this relationship is Stokes’ law, FH = −3πηdcv. However, the
form of ζc becomes increasingly complicated in the presence of nearby parti-
cles, as their rigid boundaries interfere with the long-ranged flow disturbances
induced by any one bead. Then, the total hydrodynamic force and torque on a
bead is a linear combination of all fluid-mediated resistances to particle trans-
lation and rotation.

1.2 Brownian Dynamics Simulations

Two colloids of size dc = 4σ in a solvent of viscosity η are coated by standard
Kremer-Grest bead-spring polymers [4]. The simulation length scale is σ = 1µm
and the dimensions of the periodic simulation box are Ly = Lz = 33σ, Lx = 65σ.
We coarse-grain polymer segments into beads of diameter dρ = 0.8µm with 17
beads per chain. Results shown in Fig. 3 of the main text are obtained for a sur-
face coverage ϕ = nρ(d

2
ρ/4d

2
c) = 0.15. To accurately model F-actin and compare

with experimental results in Fig. 5, we choose surface coverages of ϕ = 0.15−0.43
to match actin surface-densities of ϕF-actin = π(dF-actin/2)

2ρF-actin ≈ 0.11−0.46
where the F-actin monomer size is dF-actin = 7nm (see Supp. Video 3). For all
simulations, we choose a time step size ∆t = (2 × 10−5)(σ2/Dρ) and sample
the simulation every 103 time steps. We simulate 600-2000 coarse-grained poly-
mer beads for 20-30 independent realizations to obtain representative statistics
of the nonequilibrium approach and relaxation processes. Due to the coarse-
graining of polymer segments as beads of diameter dρ, our simulation results
capture relaxation beyond the Brownian timescale of the bead t ∼ d2ρ/Dρ and
does not account for fluctuations at smaller length and timescales. Simulations
are performed using HOOMD-Blue, a GPU-accelerated simulation package.

Recognizing that the momentum relaxation timescale is much faster than
the diffusive timescale in our system, the trajectory of each polymer bead in
time t follows the overdamped Langevin equation of motion:

∆xi

∆t
= ( FP

i︸︷︷︸
interactions

+ FR
i︸︷︷︸

Brownian

)/ζ (8)

where xi is the position of particle i, and ζ = 3πηdρ is the drag coefficient. Note
that the Stokes-Einstein-Sutherland diffusivity of the polymer bead is defined as
Dρ = kBT/ζ. In accordance with fluctuation dissipation, the implicit solvent in-

duces a stochastic force satisfying ⟨FB
i ⟩ = 0 and ⟨FB

i (0)F
B
i (t)⟩ = 2kBT (ζi)Iδ(t).

Unlike the polymer beads which undergo stochastic motion, the colloidal cores
either move with deterministic motion towards each other at some fixed speed
(during the approach step) or are fixed in space and cannot undergo any trans-
lation (during the relaxation step).
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1.2.1 Particle interactions

All non-bonded particle pairs interact through a Weeks-Chandler-Anderson
(WCA) hard sphere-like potential with parameters ϵ = α = kBT . Adjacent poly-
mer beads in a chain to interact through a Finite-Extensible-Nonlinear-Elastic
(FENE) potential with equilibrium bond parameter r0 = 1.5σ and attraction
strength kFENE = 30kBT . Additionally, we employ a harmonic potential penal-
izing the angle θ between two adjacent bonds, Vang = (1−cos(θ−π))lρ/σ where
the persistence length is lρ = 13σ. To graft polymers onto the colloidal surface,
we constrain the bead corresponding to the polymer grafting site between two,
concentric spherical walls, such that the grafting site may still translate laterally
but cannot detach from the surface.

1.2.2 Approach protocol

At the start of the simulation, polymer chains are first allowed to equilibrate at
an initial colloidal separation H = 30σ where the brushes are non-overlapping.
During the approach process, colloid and polymer bead positions are incremen-
tally updated to move closer by ∆Hincrem = 0.005σ − 0.08σ every ∆tincrem =
102 − 103 time steps to bring colloids together to different separation distances
30σ < H < dc (see Supp. video 1). ∆H and tincrem are adjusted to fix the
colloid approach velocity v (see Supp. video 2). Finally, polymers are allowed
to relax from their nonequilibrium configurations for 106 − 107 time steps as
colloids are held fixed at separation H. During the approach and relaxation
steps, the polymer-mediated force on the colloids ⟨F ⟩ =

∑
i F

P
i is computed

every 102 − 103 time steps.

2 Experimental methods

The main text already contains a description of our experimental methods; in
this section, we provide additional experimental detail on optical tweezer set-up
and particle fabrication.

2.1 Optical laser tweezers setup

Colloidal particles were manipulated using optical laser tweezers (Tweez 305,
Aresis Ltd, Slovenia) with a continuous infrared laser (wavelength: 1064nm,
maximum power: 5W) equipped on an inverted fluorescence microscope (Ti2-
Eclipse, Nikon) using oil immersion Apo 100x objective lens (Numerical Aper-
ture(NA) 1.45, Nikon). As an excitation light source, Lumencor SpectraXMulti-
Line LED Light Source (Lumencor, Inc) was used at two different wavelengths
(488nm and 647nm). A multi-wave emission filter (515/30, 680/42; Semrock,
IDEX Health and Science) spectrally filtered the fluorescent lights. Videos were
acquired by CMOS camera, (Photometrics Prime 95, Teledyne Photometrics)
with 100 frames per second(fps) for force measurements, and 15 fps for other
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videos. CMOS and microscope were operated using Micromanager 1.4 on Im-
ageJ. Trap positions were regulated by importing time-trajectory Matlab scripts
to Tweez 305 software with 25mW/particle as a set value, not a measured power
on the objective.

2.2 Preparation of observation cell

The observation cell described in main text Fig. 2a was constructed on a 170±5µm
thickness high precision coverslip (Marienfeld) as a glass substrate, with a 5mm
thick Polydimethylsiloxane (PDMS, Sylgard 184, Dow), with a ø6mm hole as a
wall on the glass substrate. To prevent colloids from sticking to the glass sub-
strate, the observation cell was coated with Poly(l-lysine)-graft-5k poly(ethylene
glycol) (PLL-g-PEG, Nanosoft BIotechnology LCC.)[5]. The passivation coat-
ing on the glass was treated by spreading 30µL of 0.1 mg/mL PLL-g-PEG
aqueous solution to piranha-cleaned glasses. After 30 min, the treatment so-
lution was discarded from the cell. The remaining unbound PLL-g-PEG was
washed by pipetting fresh Milli-Q (MQ) water vigorously. This washing process
was repeated more than 5 times using fresh MQ water for every washing cycle.

2.3 Preparation of F-actin grafted colloid

Colloids coated with surface-mobile polymer were fabricated by grafting filamen-
tous actin (F-actin) on supported lipid bilayer (SLB) coated silica microbeads
(Fig. 2b-d, Fig. 7a-b). 4µm diameter silica microbeads, dc = 4µm, were pur-
chased from Bangs Laboratories and cleaned by piranha solution, a 3:2 mixture
of sulfuric acid and hydrogen peroxide, through bath sonicatation for 30 min.
Then, the cleaned bead slurry was washed with MQ water by re-dispersing and
sedimenting using a centrifuge, 10,000 x g for 3min. Chemicals used in this
experiment were purchased from Sigma-Aldrich if there are no notations.

2.3.1 Small unilamellar vesicle (SUV) synthesis

To modify the surface properties (i.e. actin density, and mobility), small unil-
amellar vesicles (SUVs) were designed for each experiment. We perform tip-
sonication to form SUVs from the lipid solution [6]. Lipids 1,2-dioleoyl-sn-
glycero-3-phos-phocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1- carboxypentyl)iminodiacetic
acid)succinyl] (DGS-NTA(Ni), Ni-NTA), were purchased from Avanti Polar
Lipids. A fluorescence lipid, Atto 488-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE-Atto488), was purchased from ATTO-TEC GmbH. Lipid solutions were
mixed at specific molecular ratios in a disposable glass culture tube. All residual
solvents were evaporated from the solution using a vacuum chamber for 30min.
After 30min, the dried lipid film was rehydrated in MQ water to 0.2mg/mL for
10min. Before tip sonication, the rehydrated solution was vortexed and trans-
ferred to a 1.5mL tube. The solution was then sonicated for 3min (1s/2s, on/off
cycle) with a 20% of the maximum power of a tip-sonicator (Branson SFX250
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Lipids
Sample name DGS-NTA(Ni) [%] DOPC [%] DPPC [%] DOPE-Atto488 [%]
10% Ni-NTA 10 89 - 1
1% Ni-NTA 1 98 - 1
SLB only 0 99 - 1
DPPC 10 - 89 1

Table 1: Compositions of lipid for each SUV sample

Sonifier). Finally, 10x MOPS buffer was added to balance the osmotic pressure
across the SLB, with a final concentration of 50mM MOPS pH 7.4 and 100mM
NaCl. The compositions of SUVs for corresponding samples are described in
Table 1.

2.3.2 Formation of supported lipid bilayer (SLB) on silica beads

The SLB was formed on glass beads by incubating 10µL of silica particle solu-
tion and an excess amount (50µL) of composition-controlled SUVs solution for
15 minutes at room temperature. To fabricate DPPC-containing SLB, we melt
DPPC lipids in a convection oven at 40◦C in a convection oven for 2min. Free
SUVs were washed with HEPES buffer (50mM HEPES pH 7.4, 100mM NaCl)
by gently removing the supernatant and adding fresh HEPES buffer without dis-
turbing the lipid-coated particle sediment. During the last two washes, F-buffer
was used instead of HEPES to exchange the buffer conditions for the next step.
The F-buffer composition is 50mM Tris pH 7.5, 2mM MgCl2, 0.2mM CaCl2,
25mM KCl, 0.5mM adenosine 5’-triphosphate (ATP), and 1mM dithiothreitol
(DTT).

2.3.3 Grafting F-actin on SLB

We polymerized F-actin directly on the SLB-coated silica bead described in
main text (Fig. 2b, Fig. 7b). SLB-coated beads, 100nM 6x-histidine tagged
gelsolin (6x-His-Gel, HPG6, Cytoskeleton, Inc.), 20µM monomeric actin (G-
actin, purified by following the method with modification [7]), 18µM phal-
loidin(Invitrogen), and 2µM 647-dyed phalloidin(Alexa Fluor Plus 647 Phal-
loidin, Invitrogen) were added to F-buffer in the following steps. We first mix
6x-His-Gel with SLB-coated particles and then wait for 2 min for Histidine-
Nickel binding to occur. The Histidine of 6x-His-Gel is directly anchored to
the Ni+-site of DGS-NTA(Ni) on the SLB, and Gelsolin grabs onto the end of
F-actin. After 45min, the polymerization reaction was quenched by diluting
the solution concentration 20 times using HEPES buffer. We gently pipetted to
mix the solution because F-actin is fragile to breaking. After waiting 15min for
particle sedimentation, unreacted reactants were washed without resuspending
the particle sediment by discarding the supernatant through gentle pipetting.
Fresh HEPES buffer was then injected. The actin-grafted beads were used after
repeating the washing process more than 5 times.
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2.4 Characterization of fabricated particles

2.4.1 Characterization of grafting actin density

To obtain the surface density of F-actin on the SLB at various DGS-NTA(Ni)
concentrations, we compare against standard fluorescence beads (Quantum Alexa
Fluor 647 MESF, Bangs Laboratories), which have precise sizes and known num-
bers of fluorescent dyes on the surface. The dye densities on reference beads are
calculated by dividing the number of dyes by the surface area, ρdye, ref =

Ndye

4πR2 .
To construct a calibration line, the standard beads were dispersed in the 8-well
chambered coverglass system (170±5µm, Cellvis) and imaged with constant
camera values, 16-bit depth, 500ms of exposure time, and 10% of maximum
power (wavelength centered at: 647nm).

From the images, the maximum brightness of the particles was plotted
against surface number density of the dye (Fig. S1). We perform a linear regres-
sion, I = α · ρdye + I0, using 5 different standard beads, where I is an intensity
of fluorescence signal, α is the slope of the linear fit, ρdye is a number density of
the dye [dyes/µm2], and I0 is the background noise of the fluorescence image.
Actin-grafted colloids were prepared with a logarithmic scale of DGS-NTA(Ni)
concentration in the SLB (0.01, 0.1, 1, and 10%). The fluorescence intensity
of F-actin grafting samples was measured from 647 nm existing fluorescence
images with the same conditions as standard beads. Number densities of the
dye were then converted to F-actin grafting densities by multiplying the molar
ratio of total phalloidin to dyed phalloidin, Ntotal/Ndyed = 10, since binding one
G-actin to the filament requires one phalloidin for stabilization[8].

Surface grafting densities on reference beads were ρdye, ref; 0-3,441 dyes/µm2

(Fig. S1). The linear regression parameters are, α = 4.6µm2, I0 = 135.5. The
brightness of fabricated actin grafting beads was also measured with 5 differ-
ent logarithmic scale DGS-NTA(Ni) concentrations. From the measured in-
tensities, the dye densities were derived using the following equation, ρF-actin =
Ntotal

Ndyed
ρdye = 10(I−I0)/α. So, the number densities of F-actin are ρF-actin, 10% =

12, 293 ± 1, 030 filaments/µm2, ρF-actin, 1% = 3, 211 ± 568 filaments/µm2. We
hypothesize one reason why the actin surface density does not increase linearly
with DGS-NTA(Ni) concentration is because short F-actin filaments tend to
crowd the SLB surface at higher concentrations, preventing additional anchor-
ing.

2.4.2 Characterization of grafting actin length

The length of grafting F-actin on the 10% Ni-NTA membrane was measured
from high-contrast fluorescence images. Images and videos were acquired by
50ms of exposure time, 10% of 647nm excitation laser powers. The range of
F-actin length was roughly 2-20µm with a mean of 5µm. (Fig. S 2, and
Supp. Video 4) We note that the dimness of the long filaments is attributed
to rapid photo-bleaching by the laser. The DPPC membrane has a different
length distribution of 2-5µm with a mean of 3µm. (Fig. 7a, and Supp. Video 7)
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Figure 1: Brightness changing in the dye density of standard particles and
surface grafted actin. Inset images are corresponding pictures that have 0, 1,
and 10% DGS-NTA(Ni) lipids on SLB. Red and green colors in the inset images
are represented by F-actin and SLB respectively. Black squares are representing
the fluorescence intensity of reference beads. The red line is the linear regression
fit of the standard beads. The blue circles are measured data of the fabricated
actin grafted colloids.

2.5 Force measurement

As outlined in the main text, force measurements between two colloids were con-
ducted over an approach process followed by relaxation. (Fig. 2e, Supp. Video
5, 6) The two traps are initialized at long separation, 35µm, where opposing
F-actin filaments are non-interacting. The left particle is held at a stationary
trapping position to measure forces while the right particle moves towards the
stationary colloid with a constant speed during the approach process (t < 0). At
t = 0, the moving trap has held a position and immediately started a relaxation
process. Time-position data was imported from Matlab to Tweeze 305 software.
We measured dynamic interactions for 5 different approach speeds, 0.5, 1, 2, 5,
and 10µm/s. Forces were calculated from the following equation, F = κt · dx,
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f-actin

Figure 2: Fluorescence image of long actin filaments grafted on the 1% DGS-
NTA(Ni) SLB by increasing brightness and contrast. The scale bar is 5 µm.
See also Supp. Video 4.

where κt is a trap stiffness of the optical trap, and dx is a particle displacement
from the trapping focus. During force measurements, photo-bleaching was sup-
pressed by adding an oxygen scavenger into the medium. The oxygen-removing
solution consists of 600nM of glucose oxidase from Aspergillus niger, 30nM of
catalase from bovine liver, and 10mM glucose.

2.5.1 Calibration of trap stiffness

To compute the trap stiffness κt, we note that F-actin surface concentration
influenced the thermal vibrations of the stationary trap. To account for this,
we constract a probability distribution from more than 4,000 positions of the
trapped bead. The radial displacement, dr, from the laser focus was then fit with
Boltzmann distribution, P (dr) = κt

2π exp(−κtdr
2/2kBT ). From the probability

distribution curve, we obtained a range of trap stiffness, κt : 0.5− 0.7pN/µm.

2.5.2 Defining equilibrium state

To characterize the force relaxation as the system approaches equilibrium, we
define a relaxation time τR for the peak force to decay 90% toward the equi-
librium value (Fig. 4). In other words, F (t = τR) = Fmax − 0.9(Fmax − Feq),
where Fmax is a maximum peak force at t = 0, and Feq is the equilibrium force
at long times, t ≫ τR. The equilibrium force is calculated by averaging over
the range 15sec < t < 20sec when the force has fully decayed. We observe
that the equilibrium force is independent of approach speed and increases for
higher F-actin surface densities (Fig. S3). We note that SLB-only colloids have
negative forces because of van-der Waals type attractions.

3 Supplemental Movies

Below, we describe the Supplemental Movies associated with this manuscript.
All time stamps corresponds to hours:minutes:seconds. All scale bars represent
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Figure 3: Measured equilibrium forces, Feq, after finishing relaxation processes,
t > τR. 10% Ni-NTA, 1% Ni-NTA, and SLB only are corresponding to blue, red,
and black circles. The particle having the same grafting density makes similar
equilibrium forces, not depending on the approach process.

5µm.
S1. Brownian Dynamics simulations of two colloids (blue) coated by coarse-

grained polymers (red) with surface density nρσ
2 = 0.15, laterally-mobile graft-

ing sites (gray). Polymers relax after being brought together to varying separa-
tions H instantaneously quickly.

S2. Brownian Dynamics simulations of polymer-coated colloids with surface
density nρσ

2 = 0.15 brought to a close separation at varying approach speeds
v.

S3. Brownian Dynamics simulations of polymer-coated colloids brought to
a close separation at a fixed approach speed and varying surface densities nρ.

S4. Fluorescence movie of F-actin on two SLB-coated colloids containing
1% Ni-NTA. F-actin length varies from short brushes (h0 ≈ 2µm) to very long
filaments (h0 ≈ 20µm).

S5. Fluorescence movie of SLB channel for F-actin grafted colloids during
the approach(t < 0) and relaxation (t > 0) processes, where right colloid trans-
lates with fixed speed (10µm/s). The red dot is the laser focus position on the
reference colloid.

S6. Fluorescence movie of F-actin during approach and relaxation processes
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Figure 4: 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 nactin ≈ 12, 000/µm2 (top
curves) and a separate measurement for bilayer-only control (bottom curves).
Solid lines are time-average curves with approach speeds of 0.5 µm/s (blue),
2µm/s (red), and 10µm/s (black), averaged over five pairs. Dots are corre-
sponding original data Times t < 0 correspond to the approach step and t ≥ 0
represent times when the colloids are at close contact.

for 1% Ni-NTA SLB-coated colloids.
S7. Fluorescence movie of hydrodynamic interactions between SLB-only

beads. (x0.2 speed of original speed)
S8. Fluorescence movie of rigid, protruding F-actin bundles on the non-

diffusive SLB-coated colloid containing 10% Ni-NTA and 89% DPPC.
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