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In this work, we discuss the development of an active colloidal system with controllable interactions
with an artificial lipid bilayer membrane as a model for investigating the interplay of membrane
mechanics and the transport of particles during adhesion and wrapping. We use polystyrene
microspheres coated with a hemispherical platinum cap as model swimmers whose active motion is
initiated by the addition of hydrogen peroxide (H,O,). Two classes of particle—-membrane interactions
and particle swimming direction are assessed. For the former, carboxylated particles are used to pas-
sively interact with the membrane through electrostatic interactions, while streptavidin coated particles
are used to form a strong bond with biotinylated lipid membranes. For the latter, these active Janus par-
ticles are designed to be “pushers”, which swim toward their metal face into the bilayer, or “pullers”,
which swim away from the membrane, by changing the concentration of CTAB, a cationic surfactant, in
the aqueous phase. We find that a negative gravitaxis effect causes the steady movement of unbound
pullers up and away from the membrane with increasing H,O,. When the particles are bound, a thresh-
old H,O, concentration is needed before overcoming the strength of the biotin—neutravidin bond and
releasing the particles from the interface. In the case of the pusher system, as the H,O, concentration
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Accepted 23rd November 2025 translational and rotational dynamics. We apply active Brownian models to characterize the nature of
the particle—membrane interactions and also particle pair interactions. These results lay the groundwork

to combine active colloidal systems with model lipid membranes to understand active transport in cellu-
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context, the carrier should exhibit dual functionality that both
supports directed swimming of the drug carrier as well as
surface functionality to support passive targeting, for example

1 Introduction

Active transport is exploited by a number of biological systems

to gain entry into a target cell. The invasion of cells by viruses,
for example, occurs through a three-pronged approach: the
directed motion of the virus towards a cell, docking via recep-
tors, and finally entry into the cell via endocytosis." A similar
mechanism is seen in the collective invasion of cancerous cells
into surrounding tissue, which occurs during the metastasis of
several cancers.” Although the given examples pose detriments
to human health, we postulate that these invasive mechanisms
can be re-tooled for beneficial causes, ie., a drug delivery
vehicle which can simultaneously implement both passive
and active targeting. Janus particles, which by definition pos-
sess two distinct surfaces on each hemisphere, present an ideal
platform for such a bi-functional delivery vehicle. In this

“ Department of Chemical Engineering, University of Massachusetts Amherst,
Amherst, MA 01002, USA. E-mail: pbeltramo@umass.edu

b Department of Physics, University of Massachusetts Amherst, Amherst, MA 01002,
USA

714 | Soft Matter, 2026, 22, 714-725

by ligand-receptor interactions.

In recent years, there has been a significant amount of work
focused on the development of both passive and active Janus
particles for directed drug delivery and other biomedical appli-
cations. A number of these systems have been reviewed by Tan
et al.’ For example, the synthesis of a theranostic Janus particle
in which one half of the particle is loaded with a therapeutic
agent and the other half is loaded with a diagnostic agent was
demonstrated using a solvent emulsion technique.” By incorpor-
ating super-paragmagnetic iron oxide nanoparticles (SPIONs) in
the same synthesis step, the same particles could be directed with
a magnetic field. Similarly, an applied magnetic field has also
been demonstrated as a method to control the swimming direc-
tion of Janus particles fabricated with a multi-layered Co/Pt face,
allowing for control over particle transport and cargo delivery.” As
an alternative to an applied external field, it may also be possible
to leverage biological gradients to direct particle motion. In a
study done in simulated body fluids (SBF) and blood plasma, the
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feasibility of Mg/Pt-PNIPAM (poly(N-isopropylacrylamide)) micro-
motors for directed transport and release was investigated.® In
another diagnostic application, Mg/Pt Janus micromotors were
demonstrated to enhance the chromatic detection of glucose in
human serum by increasing the mass transfer rate of the analyte
and resulting current signal in solution.”

Once a carrier is transported to the target cell, the next
delivery challenge is the successful passage of the drug carrier
through the cell membrane. Engineering this uptake process
hinges on an understanding of particle-membrane interactions
and engulfment mechanisms. For carriers on the nanometer
scale and higher, the primary mechanisms that occur are
binding and wrapping, leading to endocytosis.® Binding inter-
actions between a particle and the cell membrane can be
mediated by tuning adhesion via electrostatics or receptor—
ligand interactions. The factors affecting particle wrapping
include particle shape and size,” the material properties of the
bilayer,'® and the aggregation of proteins, such as clathrin, which
are involved in the endocytic process.’™'> With these processes in
mind, we propose a model system of platinum-capped polystyrene
Janus particles (Pt-PS ]JP), which are propelled by hydrogen
peroxide (H,0,) into a free-standing, artificial lipid bilayer with
known material properties. An advantage of this model system is
that the degree of active motion, and thus the force of the particle
interacting with the membrane, can be controlled by the H,O,
concentration. We expect that changes in the dynamics of these
particles as they approach and interact with the model membrane
will provide insight into particle uptake mechanisms critical to
the delivery of nanoparticle-based drug carriers.

To enhance the understanding of the uptake mechanisms of
these and other particle-based delivery systems, the interaction
between the particle and the membrane needs to be examined
in detail. Understanding Janus particle interactions with the
cell membrane poses an interfacial transport problem governed
by the physicochemical properties of both the membrane and
the particle. The active dynamics of Pt-PS JP have been well
characterized in bulk aqueous environments."*'* Their beha-
vior at interfaces, however, is less straightforward. At an air-
water interface, particle pinning has been observed to retard
the rotational motion of the particles compared to swimming
behaviors in a bulk fluid."® Conversely, the swimming speed of
Janus particles at the air-water surface is enhanced."® Oil-water
interfaces have also been used in studies of active Janus particle
dynamics. The orientation of Pt-SiO, Janus particles at an oil-
water interface was observed to change in the presence of H,0,
fuel.” Without H,0, in the system, the particles were observed
to pin metal-cap down to the oil-water interface, but in the
presence of H,0,, the particles oriented sideways (so that the
axis of the cap is perpendicular to the interface) and hovered
above the oil phase, swimming in the aqueous phase. In
contrast to bulk environments where orientation generally does
not impact particle behavior, the orientation of Janus particles
at a 2D interface have been found to directly impact particle
velocity."® Finally, particles pinned between a continuous
oil-water interface have been shown to be sensitive to the
curvature of the interface."
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The lipid bilayer presents a unique interface, distinct from
that created by two bulk fluid phases, characterized by a flexible
membrane that is much thinner than the particle it is interact-
ing with. Particle dynamics on a lipid bilayer can be modulated
by the deformation of the membrane by the particle, adhesion
with the membrane, and local and global curvatures present at
the membrane and/or generated by the particle; in short,
partial and complete particle wrapping is expected to have an
observable effect on particle diffusivity. The extent of particle
wrapping is governed by the minimization of the total wrapping
energy, E, as described by Dietrich et al.,”®

E=E, +Eyq (1)

where E, is the elastic energy of the membrane, and E,q is the
adhesion energy between the particle and the membrane.
These interactions were formalized by Deserno under the
Helfrich Hamiltonian framework.>! Here, the two contributors
to the total membrane elastic energy are the bending energy of
the membrane and the membrane tension such that E.; = Ep, +
E, where the bending energy comes from an integral over the
membrane area,

Epe = J|:%K(2M — ¢o) kK [d4 (2)

where M, the mean local curvature, and K, the Gaussian
curvature describe the shape of the membrane, k is bending
rigidity, « is the modulus of Gaussian curvature, and ¢, is the
spontaneous curvature. The tension contribution can be given
by E.. = gA, where ¢ is the surface tension of the membrane.
Finally, the adhesive energy is given by the integral of the
particle-membrane interaction potential over 4,

Ey— J‘V(d)dA 3)

where d is the local distance of the membrane from the particle
surface. From these relationships, characteristic length scales
can be drawn for the membrane, the particle, and the particle-
membrane interaction, as reviewed by Bahrami et al.>* For the
membrane, the crossover length scale A is defined as:

L= \/x[o (4)

This length scale describes the crossover from bending
rigidity dominated to tension dominated interactions; length
scales smaller than /4 are dominated by bending, while length
scales larger than / are tension dominated. The large area,
planar bilayers generated on the experimental set-up used here
have reported bending rigidities of around 5kz7>* and tensions
of around 1 mN,** resulting in a characteristic length scale of
around 10 nm. Therefore, we expect microparticle interactions
with the bilayer to be tension dominated in the absence of other
interactions or forces. In our system, we investigate (i) modulat-
ing adhesion between the particle and membrane and (ii) an
additional force directing Janus swimmers into the membrane,
which should increase the bending energy contribution. In
comparison, spontaneous wrapping has been observed in low-
tension, “floppy” vesicle environments such as GUVs in which
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the tension is modulated by osmotic pressure,” or with a
depletion agent.”® At higher tensions, higher external forces
are needed to drive wrapping. For example, particle wrapping
in tense GUVs was induced by centrifugal force,”” where sponta-
neous wrapping would not have occurred.

In this paper, we discuss the changing dynamics of active
Janus particles against increasing fuel (H,0,) concentrations.
We investigate the behavior of active particles with different
particle adhesion, changes in surface potential from CTAB, and
membrane stiffness. The effect of streptavidin-biotin binding
between the particle and the bilayer is observed on the onset of
particle release from the bilayer surface with increasing H,0,
percentage. By changing the surface potential of the particle
using CTAB, a cationic surfactant, we are able to change the
direction of particle motion, converting the swimmers from a
pulling to pushing motion relative to the bilayer. We note that
in this paper we define “pushers” and ‘““pullers” based on the
motion relative to the bilayer, which is distinct from syntax
used in some active colloidal literature where the same terms
are used to describe motion relative to the metal face of the
particle. In the case of the pushers, we observe subdiffusive
dynamics at low H,0O, concentrations compared to normal
Brownian motion when there is no H,0, in the system. At higher
H,0, concentrations, we observe superdiffusive particle motion
as well as the onset of particle aggregation, which results from
attractive interparticle forces as the particle becomes increas-
ingly wrapped by the membrane. To describe this behavior, we
use active Brownian motion models as well as a force descriptor
for tension mediated pair interactions. Finally, we investigate the
impact of bilayer material properties by adding LPC to decrease
the rigidity of the membrane while keeping all other conditions
constant. As expected, the active particle motion becomes slower
as the membrane is made less stiff, demonstrating the effect of
the extent of deformation on particle wrapping dynamics.

2 Materials and methods
2.1 Materials

The lipids 1,2-dioleoyl-sn-glycero-3-phosphotidylcholine (DOPC),
1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (18:1 LPC), and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap  biotinyl)
(DOPE-cB) were obtained in chloroform from Avanti Polar lipids
(Alabaster, AL). HPLC-grade chloroform, n-hexadecane, octade-
cyltrichlorosilane (OTS), p-glucose, 3-aminopropyltriethoxysilane
(APTES), methanol, glacial acetic acid, phosphate buffered saline
(PBS), and EZ link sulfo-NHS-LC-biotin were purchased from
Thermo Fisher Scientific (Waltham, MA). Fluorescent polystyr-
ene beads ranging from 2 pum to 6 pm in diameter with either
carboxylate or streptavidin surface functionality were purchased
from Polysciences (Warrington, PA). Cetyltrimethylammonium
bromide (CTAB) was obtained from Sigma Aldrich (St Louis,
MO). All buffers were made using ultrapure deionized water (DI,
Millipore Milli-Q) with resistivity >18.2 MQ-cm. Before use,
hexadecane is filtered twice through a 0.2 pm aluminum mesh,
and glucose buffer is filtered using an 0.2 um pore filter.
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2.2 Bilayer fabrication and characterization

A glass microfluidic “bikewheel” chip was fabricated by Micro-
nit (Enschede, Netherlands), and a custom sample holder was
3D printed at the University of Massachusetts ADD/FAB lab
using VeroWhite from Stratasys (Eden Prairie, MN). The glass
chip contains channels in a bikewheel geometry with 24 spokes
leading to an open aperture, which is 0.9 mm in diameter. This
chip is installed in an aluminum holder connected to a stain-
less steel capillary tube. To commission the chip for making
lipid bilayers, the chip is first cleaned in a solution of saturated
NaOH in ethanol, then functionalized in a solution of OTS in
hexadecane to make the surface slightly hydrophobic.

Bilayers are formed on the large area model biomembrane
(LAMB) platform as previously described.>* Briefly, lipids in
their stock solution are further diluted in chloroform and
combined in 7 mL scintillation vials according to specified
molar ratios, e.g. 99:1 DOPC : DOPE-cB. The excess chloroform
is removed under nitrogen, and then any residual chloroform is
removed by drying the vial overnight under vacuum (<30
mbar). After drying, the lipid film is resuspended in hexade-
cane at a concentration of 2.5 mg mL ™, and the resulting lipid-
in-oil suspension is sonicated for at least 2 hours before use.

To form a bilayer, the microfluidic chip is first loaded with
the well dispersed lipid-in-oil mixture. The chip is then
installed into a 3D printed sample holder before aqueous buffer
(0.15 M glucose) is added. PTFE tubing is used to connect the
stainless steel capillary to a microfluidic pressure control (Elve-
flow, Paris, France), which is used to control the thickness of
the lipid-oil film formed in the center of the aperture and
subsequently, the area of the black lipid membrane. The
pressure on the chip is rapidly increased at first to form a thick
oil film across the aperture, then lowered to allow the film to
thin. At sufficient thinning, a lipid bilayer nucleates and
populates an area that is kept constant at around 0.5 mm?
using the pressure control system.

The stiffness of binary DOPC/LPC composition bilayers is
measured under electrostriction as described in previous
work.>**®?° Briefly, a patch clamp amplifier (HEKA Elektronik,
Lambrecht, Germany) is used to apply alternating positive and
negative voltages in 1 s “on” pulses at a magnitude ranging
from 25 to 200 mV with 2 s “off” pulses at 1 mV in between. A
pulse generator file is used to automate the voltage pulse
program and manage the recording of the capacitance across
the bilayer. Simultaneously, the bilayer is imaged at 10 FPS,
allowing for the changing area of the bilayer to be determined
after processing using a custom MATLAB script. The capaci-
tance (C) and area (4) data are used to calculate the hydro-
phobic thickness of the bilayer by the relation d = ¢¢,4/C, where
&o is the permittivity of free space, and ¢ is 2.5, the dielectric
constant for the bilayer in accordance with prior work.”® The
change in thickness relative to applied voltage can be used to
determine the membrane Young’s modulus, E,; by:

G2
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where Ad is the decrease in thickness relative to the membrane
static thickness, Cy, is the static membrane specific capaci-
tance, and V is the voltage applied to the membrane.

2.3 Janus particle synthesis and characterization

Janus particles were fabricated using metal sputtering on a
monolayer of polystyrene particles. Isotropic polystyrene parti-
cles are first made into a monolayer by evaporation at ambient
conditions on a glass slide. The particles used in for all
experiments are coated first with a layer of titanium (5 +
1 nm) to aid binding, followed by platinum (5 £ 1 nm).
Following sputtering, particles are removed from the glass slide
by sonication in water and allowed to settle overnight in a 50
mL centrifuge tube. Due to their density, the particles form a
pellet if given enough time to sediment so that the resulting
suspension can be concentrated and used in experiments.
Before use in an experiment, an aliquot of particles is sonicated
for 30 minutes to break up any aggregation.

To assess the effect of sputtering on the streptavidin func-
tionalization, glass slides were biotinylated using a procedure
adapted from Lowndes, et al®® The glass surface was first
silanized using a solution of APTES and acetic acid in methanol
and water. Following silanization, the surface was incubated
with a solution of sulfo-NHS-LC-biotin in PBS at room tem-
perature for 1 hour in the dark. The functionalized surface
was washed 3x with PBS before use with particle tracking
experiments.

To test the effect of CTAB on particle surface potential, zeta
potential measurements were made on stock COOH functiona-
lized particles in bulk aqueous solutions of varying CTAB
concentration using a Malvern Zetasizer ZSP (Malvern Panaly-
tical, Westborough, MA). Measurements were made after allow-
ing for 30 s of temperature equilibration at 25 °C, and each zeta
potential value reported is from the average of 10 measure-
ments taken on the same sample.

2.4 Particle tracking and image analysis

After sonication, particles were added to the formed bilayer in 5
pL increments using a micropipette. CTAB, if used, and H,0,
was introduced to the system following particle addition so that
the particle dynamics in a controlled environment could be
observed first. In between H,0, additions, the system is
allowed to settle for a few minutes so that the bulk drift effects
introduced by pipetting are minimized. We note that the
trajectories of the particles exhibit random direction and that
particles affected by convection in the bulk fluid can be
observed to be moving much more quickly than particles at
the bilayer interface. Convective effects in the data analysis
were further minimized in image processing by calculating a
global drift across all particles and subtracting it from the
particle trajectories. Particles were imaged at 10-20 FPS for 20—
30 s, which allowed for sufficient data collection for trajectories
that were relatively uniform and at sufficient particle popula-
tions (N > 10).

Particle location and tracking was done using a brightness
weighted centroid algorithm.?" Videos were taken using two-
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Fig. 1 Schematic showing the determination of the zenith angle, f, of a
fluorescent Janus particle using microscopy.

channel imaging for simultaneous brightfield and fluorescent
acquisition on an inverted microscope (Nikon Ti-2). The bright-
field images are used to extract particle centers for translational
diffusion measurements, and the fluorescent images are used
to evaluate the Janus particle orientation relative to the plane of
the bilayer.

To evaluate particle dynamics under different conditions, a
fit to the time averaged mean square displacement (MSD) for
short lag times was used to obtain values for the diffusion
coefficient and Brownian diffusion exponent according to the
power law fit:

(Ar?) = 4ADAL" (6)

where D is the 2-dimensional diffusion coefficient, and » is the
diffusive exponent, which defines the diffusive character of the
swimmers. Superdiffusive behavior is described by n > 1,
normal Brownian motion is defined by n = 1, and subdiffusive
motion is described by n < 1. Under normal experimental
spread, particle trajectories are more practically binned by n >
1.2 for superdiffusive motion, 0.9 < n < 1.2 for normal
Brownian diffusion, and n < 0.9 for subdiffusion.

The out-of-plane zenith angle of the Janus particle, f, is
determined by the ratio of the visible area of the fluorescent
polymer hemisphere of the particle against the total expected
area, as defined by Cui et al.** Fig. 1 shows representations of
the zenith particle relative to the plane of the bilayer and as
imaged on an inverted microscope. f§ for a particle oriented
metal side down, appearing fully dark, is defined as ff = . In the
opposite case, where the particle is oriented polymer face down
and appearing fully bright, is defined as f = 0. The angles in
between are given by a trigonometric relation B=A4/2 x (1 + cos f§),
where B is the total brightness of the particle area as imaged, and
A is the expected brightness of the particle if oriented polymer
face down.

3 Results and discussion

The results in this paper are organized as follows. We first
demonstrate that the Janus particle synthesis process retains
particle functionalization and show that CTAB can control the
direction of motion before discussing results on the bilayers.
Experiments were then designed to interrogate three properties
of interest: adhesion between streptavidin functionalized
particles and a biotinylated membrane, surface potential
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Table 1 Particle functionality, buffer conditions, and membrane compo-
sitions experimental matrix

Particle surface Aqueous solution =~ Membrane
chemistry conditions composition
Particle No 30 uM
diameter  Streptavidin COOH CTAB CTAB DOPC + LPC
3.2 Particle-membrane binding
6 pm X X X
6 um X X X
3.3 Pullers vs. pushers
6 pm X X X
3 um X X X
2 pm X X X
2 pm X X X
3.4 Membrane stiffness
2 um X X X (1%)
2 um X X X (5%)

modulated by the presence of CTAB, and membrane stiffness
tuned by the percentage of LPC in the bilayer. The experiments
done to interrogate these properties are summarized in Table 1.
We discuss the results of these three properties of interest in
sequence before finally discussing the observation of membrane
mediated particle-particle pair interactions in specific cases.

3.1 Establishment of particle functionalization and
swimming direction

We first demonstrate that particle functionalization is retained
through Janus particle synthesis and show that CTAB can
control the direction of motion before discussing the dynamics
of these particles on bilayers. Here, we define particles swim-
ming in the direction of the polymer face as puller particles and
particles swimming towards their metal face as pusher parti-
cles, as the particles tend to orient metal side down, resulting
in pulling away from or pushing into the bilayer.

When streptavidin particles were tested on bare glass, the
trajectories covered a larger area over the same amount of time
compared to biotinylated glass. Following the addition of H,0,,
particles on bare glass were observed to swim freely, while
particles bound to biotinylated glass largely remained confined,
with one or two particles releasing and increasing swimming
speed (Fig. 2), demonstrating that the streptavidin functionali-
zation survived sputtering and reduced particle response to fuel
in the system.

The activity of Pt-PS Janus particles fueled by H,O, decom-
position has been observed to be sensitive to ions.** To mini-
mize particle slowdown in response to ions, bilayers are formed
in a 0.15 M glucose buffer rather than an electrolyte solution. It
was observed that in glucose buffer and at about 0.5% H,0,,
particles exhibited a tendency to swim upwards away from the
bilayer and did not settle at the bilayer interface for observa-
tion. This phenomena, termed ‘““negative gravitaxis’’, has been
observed in analogous bulk systems®® and relates to the ten-
dency of the particles to orient metal side down due to gravity
and swim towards their polymer face. In order to be able to
study particles at the interface, the particle addition was done
before adding any H,O, to the environment. The particles are

718 | Soft Matter, 2026, 22, 714-725
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(B)
OO O
biotin *
Fig. 2 (A) 6 pm diameter streptavidin functionalized Pt—PS Janus particles

on bare glass become active when H,O, was added. (B) On biotinylated
glass, the same particles were more confined in buffer with no fuel, and most
particles did not start swimming when H,O, was added, showing successful
retention of streptavidin on the particle surface. Scale bar is 25 um.

first imaged at the bilayer interface without any fuel before
H,0, is gradually titrated in.

In a 0.15 M glucose buffer, particles were observed to begin
swimming upwards at about 0.5% H,O,. To reverse this effect,
we introduced the cationic surfactant CTAB into the system,
which has been observed to reverse particle swimming
direction.?® The result of CTAB on particle swimming direction
in a bulk environment with constant 3% H,O, are shown in
Fig. 3A. At 1 uM CTAB, there is no change in particle swimming
direction, but at 10 pM CTAB, there is both a slow down and a
reversal in particle motion. At 100 pM CTAB, the reversal in
swimming direction remains, and the swimming speed of a
particle at 1 uM CTAB is recovered. The reversal effect has been
discussed extensively®***® and appears to correlate with changes
in the particle surface potential, which we confirmed with zeta
potential measurements shown in Fig. 3B.

1 uM CTAB 10 uM CTAB 100 uM CTAB

zeta potential (mV)
o
o
mobility (um cm/V s)
®

b & b Donro o

1 10 100
[CTAB] (uM)

10 100
[CTAB] (uM)
Fig. 3 (A) In a bulk 3% H,O, solution, the velocity of 6 um Janus particles
in CTAB is observed to slow down, then reverse as the concentration of
CTAB is increased from 0.001 mM to 0.1 mM. Scale bars represent 50 pm.
(B) Zeta potential and electrophoretic mobility measurements of COOH-
functionalized polystyrene spheres in a dilution series of CTAB show a
crossover from negative to positive charge and velocity at about 0.01 mM
CTAB, consistent with their change in swimming direction.
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3.2 Binding restricts active motion of pullers

We compare bound and unbound pullers using 6 pm diameter
Janus particles. Active particle dynamics were observed in
concentrations of H,O, ranging from 0 to 0.5% in the unbound
case and 0 to 0.4% in the bound case. The change in particle
trajectories relative to fuel concentration can be seen in Fig. 4.
In the case of the unbound particles (Fig. 4A), the particles
gradually gain velocity with even small increments in fuel
concentration, and the resulting effect can be seen in trajec-
tories that gradually cover more area over a fixed time period. At
0.5% H,0,, particles begin to pull off of the bilayer as they
swim upwards, which results in a reduction of the number of
trajectories recorded. In the case of the bound particles, the
onset of active dynamics is different (Fig. 4B). From 0.1 to 0.3%
H,O0,, the initial increases in fuel concentration do not seem to
appear to trigger changes in particle dynamics, as the particle
trajectories remain relatively confined until there is 0.4% H,O,
in the system. At this point, most of the trajectories seem to
stretch out although there are still one or two particles that
appear to remain confined. This is because the streptavidin-
biotin linkage prevents particle movement at a low H,O,
concentration. At 0.4%, the force induced by the fuel over-
powers the chemical bond, and the particles are able to actively
diffuse as if they are unbound.

These trends are examined quantitatively through the lens
of a power law fit to the mean squared displacements (MSDs) of
the particle trajectories (Fig. 5). The time averaged MSDs of
unbound particles are observed to increase in both slope and
magnitude in the unbound particle case (Fig. 5A). However, the
MSDs of the bound particles do not change substantially until
the concentration of H,0, reaches 0.4%, the point at which a
split in particles that remained bound and particles that “lifted
off” occurred (Fig. 5B). The magnitude of the MSDs can be
related to a diffusion coefficient and exponent according to
eqn (6) and are plotted against H,O, concentration in Fig. 5C

0% H,0, 0.02% H,0, 0.1% H,0, 0.5% H,0,
% & R
25 um
0% H,0, 0.1% H,0, 0.3% H,0, 0.4% H,0,
(B) )
) % ¥
25 ym

Fig. 4 Particle trajectories of 6 um Pt—PS Janus particles (A) unbound and
(B) bound via streptavidin—biotin linkages on a planar DOPC bilayer. Over
the same time frame (30 s), the trajectories of the unbound particles
lengthen gradually with increasing H,O, concentration. In the bound
particle case, trajectories remain confined as the fuel concentration is
increased until a "lift-off” occurs at 0.4% H,O,, after which there is a
spread across particles that have lifted off and particles still bound to the
bilayer.
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Fig. 5 Ensemble average MSDs for (A) unbound and (B) bound particles
on a planar bilayer, with the associated (C) diffusion coefficient and (D)
scaling exponent. The diffusivity of unbound pullers, represented by the
diffusion coefficient D, steadily increases even for small increases in %
H,05 in the unbound case but does not change until a threshold concen-
tration of 0.4% H,0O, is reached for the bound pullers. Kernel distribution
plots show the orientation (f) of the (E) unbound and (F) bound particles.
Unbound particles reorient perpendicular to the bilayer when active
motion is induced, while bound particles remained pinned to the bilayer
in their original Pt-side down configuration.

and D. In the unbound case, the magnitude of D and n both
steadily become higher with incremental additions of H,O,,
demonstrating a step-wise increase in activity with higher fuel
concentrations. In the bound case, both D and n remain
unchanged until the bond is broken at 0.4% H,0,.

Particle orientation distributions against increasing H,0,%
are shown in Fig. 5E and F. Here, a particle sitting with the
polymer side facing down is represented by 0, and a particle with
the metal side down has the angle n. We expect the particles to
settle preferentially with their metal side facing down due to the
anisotropic density of the Janus particles. This is shown in the
case of 0% H,0, in both the bound and unbound cases, where
the distribution skews towards m, representing a cap down
particle. In the case of streptavidin functionalized particles, this
preferred orientation may affect binding between the particle
and the membrane since the streptavidin coating would be on
the polymer face of the particle. However, we observe that the
distribution of bound particle orientations appears to be rela-
tively fixed through increasing fuel additions, suggesting that the
effect of binding is to keep the particles from freely rotating. In
contrast, the distribution of unbound particle orientations can
be seen to become more random, resulting in a broadening of
the beta distribution, with increasing H,0,.
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We can contextualize the effect of binding on particle
dynamics by comparing the force expected to separate a bound
particle to the force exerted by fueled particle motion. The force
exerted by the particle should be equal and opposite to its drag
force, which can be estimated by the Stokes drag, F = 6nnaV,
which is approximately 0.05 pN using the measured speeds of
6 um Janus swimmers at 0.5% H,O, in bulk. This estimate can
be refined with models developed for particles moving along a
lipid bilayer interface developed by Danov et al.,***” which give
an increased force estimate of about 0.1 pN for the velocities we
measured. This is three orders of magnitude lower than the
expected force necessary to break the avidin-biotin bond,
which is about 140 pN as measured by AFM>®® and two orders
of magnitude lower than the force necessary to remove a lipid
from the bilayer, reported as 20 pN in the same study.*® Further
discrepancies in the forces might be explained by the difference
in the direction of force, i.e. a shearing force as the particle
pulls laterally against the bilayer as opposed to an orthogonal
pulling force, as measured by AFM.

3.3 Pullers vs. pushers

While particle binding effects are apparent on particle
dynamics as they pull away from the membrane, we are also
interested in particle behaviors as they push into the
membrane, as this mimics the wrapping experienced during
endocytosis. For this purpose, a system of pushers in which the
particles swim in a reverse direction, i.e., towards their metal
face as opposed to their polymer face, would allow for the
investigation of a different set of interactions. In this case, the
particles would be pushing in the same direction as gravity
(downwards) instead of against it. A reversal in particle swim-
ming direction was previously observed in an interrogation of
ionic effects on the swimming speeds of Pt-PS particles.’® In a
bulk aqueous solution, we found that a concentration of 10 uM
CTAB was sufficient to reverse swimming direction, as dis-
cussed in Section 3.1.

CTAB has been previously been observed to modify lipid
packing in supported lipid bilayers.>® To minimize the effect of
surfactant interactions with the lipid bilayer, pusher particle
experiments at the membrane interface were done with 30 uM
CTAB, and the bilayer was monitored optically for stability. The
particles were added first with a micropipette, then CTAB and
H,0, were titrated in. Between titrations and imaging, the
system was allowed to settle for at least a minute to minimize
convective disturbances. The particles were imaged after add-
ing CTAB and before H,O, addition, and no apparent changes
in their diffusivity was observed. However, while not directly
observed here, we note that CTAB can cause membrane defect
formation, alteration of lipid headgroup packing, charge, and
membrane tension.’™** These factors may be negligible or
possibly impact particle diffusivity and lipid membrane inter-
actions on longer timescales than the current experiments.

We first compare the dynamics of unbound 6 pm PS-Pt
particles against increasing H,0, concentration with and with-
out CTAB. Here, we first observe much more confined
dynamics against higher fuel concentrations in the CTAB case,
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Fig. 6 (A) Diffusion coefficient and (B) scaling exponent results for

unbound 6 pm Pt—PS swimmers without and with 30 pM CTAB (pullers
vs. pushers). Inset is zoomed data for 0 to 0.1% H,O,. Compared to pullers,
pushers do not appear to pick up speed and only become slightly super-
diffusive. (C) Superdiffusive pullers in 0 CTAB swim in a consistent direction
while pushers exhibit “jumping” behavior”. (D) The hopping behavior of
pusher particles results in ergodicity breaking, as demonstrated by differ-
ences between the time and ensemble averaged MSDs.

as shown in Fig. 6. With CTAB, a larger experimental operating
window is realized; pusher particles are observed at up to 1.5%
H,0,, whereas particles started leaving the bilayer at 0.5% H,O,
in the puller case due to negative gravitaxis. For the larger
particles, the bilayer tension may be too high for any wrapping
to occur, so the main resistance to motion is the particle
pushing against the bilayer as if it were a flat wall. Comparing
the distribution of diffusion coefficients as shown in Fig. 64,
the puller particle diffusion coefficients steadily increase in
magnitude, while the pusher particle diffusion coefficients
decrease slightly. While pullers gain velocity and become super-
diffusive at the first addition of H,0,, the pusher exponent
distribution only rises slightly above 1 (Fig. 6B), so the particles
are gaining activity, but this does not translate into increased
diffusivity. When active, the pushers do not appear to be travel-
ing at constant speed as the pullers do but rather are seen
“hopping” between areas of slower diffusion. Example tracks
can be seen in Fig. 6C. This behavior is consistent with ergodicity
breaking observed in anomalous receptor diffusion.”® We can
also compare the time averaged (tMSD) to ensemble averaged
MSD (eMSD) in our system. Consistent with non-ergodic beha-
vior characterized in other systems,*>** the slope of the eMSD is
much lower than that of the tMSD (Fig. 6D).

To evaluate the effect of particle size on pusher dynamics,
Janus particles were made using 2 um particles with the same
composition and functionalization and tested against increas-
ing concentrations of H,0, with the same concentration of
CTAB used to test the 6 um pushers. We compare the dynamics
of these pushers in Fig. 7. The difference in overall diffusivity of
the particles is consistent with expected Stokes scaling (Fig. 7A).
We compare the scaling of D against the diffusivity in the
absence of fuel in Fig. 7B. Interestingly, the overall diffusivity of
both particles decreases with increasing % H,0,, which is the
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Fig. 7 (A) The absolute value of the diffusion coefficient of 2 um pushers

is higher than 6 um pushers is higher, as expected from the particle
diameters. For both particle sizes, D decreases with increasing % H,O,.
(B) The scaling of D against Dg is compared for 2 um vs. 6 um pushers. The
reduction in diffusivity is higher for the smaller particle, perhaps because of
reduced resistance to wrapping.

opposite of the behavior observed for puller particles and for
typical H,O, fueled Janus swimmers. Here, we observe that the
scaling of the smaller particles is slightly steeper than that of
the 6 um pushers, suggesting a size-dependent wrapping effect
governs the decrease in diffusivity, as predicted by the particle
size dependence of wrapping energy (eqn (4)). These considera-
tions are further discussed in Section 3.5.

In all cases, it was observed that the pusher particles place
stress on the bilayer that eventually results in membrane
rupture. A collapse inward was observed for smaller particles
(the oil annulus was seen to lose its circularity) at about
20-30 minutes after at least 1% H,0O, was added. For the
6 um pushers, bilayer rupture was observed about 10 minutes
after the system was brought up to 1.5% H,O,.

3.4 Effect of membrane stiffness

Previously, we have demonstrated that membrane stiffness
increases with increasing concentration of anionic lipids in the
bilayer.>® However, the DOPC bilayers used in this work still
exhibit much higher membrane tension than other membrane
models used to interrogate wrapping. For example, wrapping
has been studied on GUVs with tensions ranging from 10~° to
10® mN m %,?**® while the tension of the LAMB is around
1 mN m~*.2* To decrease membrane stiffness and tension, we
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fabricate bicomponent bilayers with a small amount of lyso-
phospholipids (LPCs), which have a single acyl tail, in addition
to DOPC. LPCs have previously been shown to decrease the
stiffness of model lipid bilayers. For example, in a study of
POPC GUVs, a 30% decrease in bending rigidity was measured
for a vesicle containing 10 mol% LPC compared to a vesicle
made fully with POPC.*°

To test the effect of LPCs on bilayer stiffness, a membrane
compression experiment was run on DOPC and 95/5 DOPC/LPC
bilayers, as previously described.”**°* We did not calculate the
bending rigidity for these bilayers, but it can be determined
from the same measurement, as previously demonstrated,”
and correlates closely to the Young’s modulus. The average
Young’s modulus for each bilayer composition measured over
three separate compression cycles is shown in Fig. 8A. With 5%
LPC, about a 20% decrease in stiffness is observed relative to
DOPC. The modulus of a 99/1 DOPC/LPC bilayer was not mea-
sured because no measurable difference in particle diffusivity on
99/1 DOPC/LPC vs. 100 DOPC was observed, as discussed below.

We tested the diffusivity of 2 pm Pt-PS Janus particles on
bilayers with the following binary DOPC:LPC compositions
with CTAB present (pusher case): DOPC, 99:1 DOPC: LPC, and
95:5 DOPC:LPC. Since these particles are pushing into the
bilayer, we expect that decreasing the stiffness of the bilayers
should result in decreased particle diffusivity compared with
particles on a stiffer bilayer at the same H,0, concentration.
The response of particle diffusivity vs. increasing H,0,% can be
seen in Fig. 8B-D. Comparing the tracks at 1% H,O, over 20 s
(Fig. 8B), it can be seen that the particles cover about the same
area in DOPC vs. 99/1 DOPC/LPC, but diffuse over less area
overall on 95/5 DOPC/LPC, indicating qualitatively increased

B
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Fig. 8 The effect of increasing LPC content on particle diffusivity with
increasing H,0O,%. (A) The Young's modulus of a 95/5 DOPC/LPC bilayer is
about 20% less stiff than that of DOPC, as measured by electrostriction. (B)
Representative particle trajectories over 20 s at 1% H,O, shows the
trajectories for particles on 95/5 DOPC/LPC are more confined. Scale is
10 pm. (C) Compared to DOPC, there is not much of a change in D for 99/1
DOPC/LPC, but there is a strong reduction in D on 95/5 DOPC/LPC over
all H,O, concentrations. (D) The scaled decrease in diffusivity with H,O,%
does not appear to depend significantly on the stiffness of the membrane
over the range investigated.
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membrane wrapping. Fig. 8C compares changes in the diffu-
sion coefficient, D, fitted from the MSD (eqn (6)). There is no
noticeable difference in the spread of D between particles on a
DOPC bilayer and 99/1 DOPC/LPC bilayer, perhaps because the
concentration of LPC is not high enough to make a meaningful
difference in bilayer stiffness. On 95/5 DOPC/LPC, however,
there is a noticeable decrease in D from around 0.2 to
0.1 um?> s~ . In all cases, the exponent holds at around 1,
indicating normal Brownian diffusion. Interestingly, in the case
of all three bilayer compositions, it is seen that D decreases
slightly, but 7 is either steady or increases slightly with increas-
ing H,0,, indicating that an increase in particle activity does
not always translate to higher diffusivity on a flexible interface.
Despite the decreased stiffness 95/5 DOPC/LPC membrane,
there is minimal difference in how the diffusion coefficient
varies with increasing H,0, concentration (Fig. 8D).

3.5 Onset of pair interactions

In the case of the pusher particles with CTAB present in the
system, the onset of long-rate interparticle attraction and
particle aggregation over time was observed when at least 1%
H,0, was present in the system (Fig. 9A). No aggregation was
observed in systems held at 0.5% H,O, for up to 30 minutes,
while aggregation was observed after about 5 minutes after the
system was titrated up to 1% H,0O,. This aggregation was
predicated by particle pair interactions, which have not been
previously observed in passive particles bound to bilayers using
the LAMB platform.”” To elucidate the origins of these pair
interactions, we can compare our system to analogous studies
done on GUVs. Pair interactions have previously been observed
on both floppy and tense GUVs,*®*° which represent membrane
tensions of around 10~ °-10"% and 10 °-10"° Pa s, respectively.
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Fig. 9 Pairinteractions are observed if pusher particles and the bilayer are
held in a system with at least 1% H,O,. (A) Example time series of
irreversible particle attraction and aggregation of 2 um JP pushers on
99/1 DOPC/LPC in 1% H,O,. Scale is 10 um. (B) The distance between
particles scales against contact time with an exponent of 1/5, consistent
with a capillary interaction potential. (C) The capillary interaction potential
energy is observed to be higher for 2 um particles compared to 3 pm
particles on the same bilayer composition and in the same concentration
of H,O,. The magnitude of the capillary potential energy is observed to be
lower on 99/1 DOPC/LPC in 1% vs. 2% H,O,.
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On floppy GUVs, the driving force for particle aggregation was
observed to be curvature mediated. In this case, the particles
would only aggregate if fully wrapped by the membrane, and
their interactions were described by an attraction potential of
around 3kgT.*® In contrast, particle pair interactions and aggre-
gation in the case of the tense GUV were observed to be tension-
mediated, which is analogous to capillary attraction. The poten-
tials determined for these interactions were much higher, at
around 100ksT.*° The planar bilayer used for these experiments
is even an order of magnitude more tense than the tense GUV,
with a surface tension of 107® Pa s.>* We thus seek to delineate
the driving force for particle migration on a planar bilayer with
tension in the mPa s regime.

Three examples of pair interaction events are shown in
Fig. 9B. These represent systems with different particle radii
(2 pm vs. 3 um), concentrations of H,O, (1% vs. 2%), and
bilayer composition (DOPC vs. 99/1 DOPC:LPC). In all three
cases, the change in particle separation (r) scales against
(tcontact — t) by a power law relationship with a slope of 0.2, as
shown in Fig. 9B. This scaling is in agreement with capillary
attraction predicted for spheres at a liquid interface, which are
expected to scale with an exponent of 1/5.>' Neglecting inertial
and stochastic terms as discussed in ref. 52, the force balance
becomes:

Fdrag = 6Tcai1dr/dt = —Finter

Here, we elect to estimate the drag force using the Stokes
formula: Fy,, = 6nan(dr/dt), where a is the particle radius, and #
is the bulk viscosity, approximately 1 mPa s. It should be noted
that for a particle interacting with a lipid bilayer, especially with
adhesive interactions, the actual hydrodyamic drag is more
complicated, as discussed in the seminal Saffman-Delbriick
derivation® as well as our prior work.”* The error associated
with approximating surface drag by bulk drag is discussed for
air-water interfaces by Danov et al,*® which gives an uncer-
tainty of about 10-20%. We note also that the hydrodynamic
drag measured for a lipid bilayer surface was observed to be
Cnna, with C = 5.98.%° While the bulk hydrodynamic drag is not
likely to describe particle drag on the bilayer, we can at least
rule out a lower constant, so the force here is more likely to be
an underestimate than an overestimate. With these limitations
in mind, we can still interrogate the effect the effect of
experimental conditions on the resulting capillary interactions
of the particle pairs.

The pair interaction potential can thus be determined by a
spatial integration of the drag force along the particle approach
trajectory:

.
v(r'),dr’ (7)

Ie

U(r) = J—Fdragdr = —61t11aJ

where . is the contact radius between two particles, and v = dr/
dt is the approach velocity.

The interaction potentials determined for the three exam-
ples of pair interactions are shown in Fig. 9C. Close to contact,
the measured capillary attraction for all three particle pairs are

This journal is © The Royal Society of Chemistry 2026
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Table 2 Capillary attraction energies for different particle/bilayer systems

Particle Bilayer H,0, conc. u(r)

2 pm unbound 99/1 DOPC/LPC 1% 100kgT
3 um unbound DOPC 2% 180kpT
2 pum bound 99/1 DOPC/DOPE-cB 2% 270kgT

on the scale of 10%*ks7, ranging from 100-300kzT. This is in
good agreement with observations of tension mediated capil-
lary attraction of spherical particles on GUVs,*® which reported
a typical binding energy of 100kg7. The marginally higher
values in our system are unsurprising considering the higher
tension of the planar bilayer system. We can compare the
calculated capillary energy to the propulsive energy of the
particles generated by the breakdown of H,O, as well as the
bending energy of the bilayer. From measured velocities, we
estimate the propulsive energy of the particles to be on the
order of 10 °kgzT, which is trivial compared to the estimated
capillary energy. The bending energy of a DOPC bilayer gener-
ated on our platform has been previously calculated to be
5ksT,>* which is also two orders of magnitude smaller than
the capillary energy. Wrapping interactions between the parti-
cle and bilayer are also dependent on membrane surface
tension and particle size, as predicted by eqn (4). For our
system, this crossover length scale comes out to about 15 nm,
suggesting the system is still in a tension-dominated regime.

We compare the values we measured to the predicted
capillary energies for spheres at an air water interface are
10°-10%T. Under the consideration that the drag value used
to calculate the drag for our system is likely an underestimate,
the capillary energies at the flat lipid membrane interface could
be closer to those at air-water and other flat interfaces.

We now consider the differences in interactions determined
for the three sets of particles, summarized in Table 2. From these
results, we can infer that a higher concentration of H,0, fuel
apparently drives stronger particle interactions, as expected from
a higher pushing force into the bilayer, which may increase
deformation and drive the onset of contact lines. Furthermore,
the smaller, bound particles apparently possess a higher inter-
action potential than larger, unbound particles under the same
H,O0, concentration. The estimation of drag force used here does
not actually account for changes in drag as a result of particle
adhesion, so the difference measured here is likely due to particle
size. In the tension mediated regime, we expect that the smaller
particle is more likely to be wrapped by the bilayer, resulting in a
higher tension-mediated attraction. Furthermore, in an experi-
ment with 6 pm pushers held at 1.5% H,0,, no particle aggrega-
tion was observed, suggesting a threshold for particle radius in
which tension-mediated interactions can occur.

4 Conclusions

We observed changes in the dynamics of active Janus particles
against adhesion to the membrane, particle swimming direc-
tion, and membrane stiffness. Streptavidin functionalized par-
ticle, which bind to a biotinylated membrane, exhibited a
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delayed onset in swimming activity compared to particles that
were not bound to the membrane. With only glucose in the
buffer solution, the Janus particles half coated with platinum
swim up and away from the bilayer in the presence of H,0,,
resulting in a loss of particles at the bilayer surface over time.
When CTAB is added to the buffer, a reversal in particle swim-
ming direction causes them to push into the bilayer. This results
in decreased diffusivity even as the particles become more active,
the onset of capillary forces resulting in particle aggregation, and
eventual membrane disruption from the pushing force of the
particles. We observed that a decrease in membrane stiffness
results in a further decrease in pusher diffusivity against the
membrane as a result of increased particle wrapping. Finally, we
characterized the potential energy of the pusher pair interac-
tions, finding them consistent with capillary attraction. A higher
membrane stiffness results in a higher potential energy well for
particle aggregation and binding between the particle and
bilayer also appears to increase the potential energy well.

Future studies could isolate the effect of pushing from
changes in buffer composition. Since we postulate that the
crossover from puller to pusher behavior is caused by a change
in the surface charge of the JP polymer face from negative
(—50 mV for COOH functionalized particles) to positive (+50 mV
at 100 uM CTAB), it follows that other methods to reverse the
swimming direction by charge could be explored. One avenue
could be the incorporation of a quaternary amine salt in place of
CTAB. The effect of charge could also be isolated to the particle
and not the buffer by substituting the COOH functionalized
polystyrene particle with an amine-functionalized one. Lastly,
changing the swimming direction and magnitude of active
motion using aqueous solution conditions is a serial process.
Developing active colloidal systems with swimming dynamics that
are externally triggered (via light, for example), would enable
higher throughput tuning of the particle-membrane interactions.
These are among the future directions of interest as increasingly
complex artificial experimental platforms mimicking particle-
membrane transport are pursued.
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