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Enzyme-Free Liposome Active Motion via Asymmetrical Lipid Efflux
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ABSTRACT: As a class of biocompatible, water-dispersed colloids,
liposomes have found widespread applications ranging from food to
drug delivery. Adding mobility to these colloids, i.e., liposome micro-
motors, represents an attractive approach to next-generation liposome
carriers with enhanced functionality and effectiveness. Currently, it
remains unclear as to the scope of material features useful for building
liposome micromotors or how they may differ functionally from their
inorganic/polymer counterparts. In this work, we demonstrate liposome
active motion taking advantage of mainly a pair of intrinsic material
properties associated with these assemblies: lipid phase separation and
extraction. We show that global phase separation of ternary lipid systems
(such as DPPC/DOPC/cholesterol) within individual liposomes yields
stable Janus particles with two distinctive liquid domains. While these
anisotropic liposomes undergo pure Brownian diffusion in water, similar to their homogeneous analogues, adding extracting agents,
cyclodextrins, to the system triggers asymmetrical cholesterol efflux about the liposomes, setting the latter into active motion. We
present detailed analyses of liposome movement and cholesterol extraction kinetics to establish their correlation. We explore various
experimental parameters as well as mechanistic details to account for such motion. Our results highlight the rich possibility to
hierarchically design lipid-based artificial motors, from individual lipids, to their organization, surface chemistry, and interfacial
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mechanics.

Bl INTRODUCTION

Inspired by the elegance of natural microswimmers and
enabled by recent advancement in material synthesis and
microfabrication, research in microscopic artificial motors has
blossomed into a field of extensive activity in recent years.'
Such pursuit has been truly multidisciplinary, with chemists,
engineers, and physicists often working side by side on the
preparation, characterization, and theoretical formulation of
these motors. Among the vast material and design choices
being explored, spherical micromotors stand out for their
simple geometry (with it, well-understood hydrodynamics)
and ease of fabrication and thus have been essential to what the
field has become today. Take Janus particles prepared from
inorganic/polymer microbeads with partial metal coatings
alone, for example, an array of mechanisms exploiting various
catalytic,"”® photothermal,”™® and photocatalytic pro-
cesses' """ offered by these materials have been demonstrated.
In the majority of these cases, a local chemical/heat gradient
across the particle/fluid interface drives the motion, whereas
the particle’s broken symmetry imparts direction.'””"* With
mobility as a built-in feature alongside their small size, these
artificial motors promise exciting new application possibilities,
including targeted drug delivery and microrobotics. To this
end, however, the potential biotoxicity of these materials and
their clearance from systems being treated often stand as
significant issues to be reckoned with.' ™"
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As a closed spherical lipid assembly rich in surface/
interfacial characteristics, liposomes represent an important
class of water-dispersed colloids. Compared to their inorganic/
polymer counterparts, from which the vast majority of existing
nano- and micromotors are made, liposomes are ultimately
economical in formation (i.e., all constituents surface bound
and no hard/solid core) and biocompatible. These attractive
features account for much of the industrial and medical use of
lipos.omes,]6 e.g., in food,"” drug delivery,18 and cosmetics."’
With added motility, particularly when furnished in a
controlled and environmentally responsive manner, these
liposome carriers will have much to gain in functionality and
effectiveness.

Only a handful of studies have been reported using
liposomes to achieve directional/active motion,”® however.
Taking a biohybrid approach, Kurakazu and co-workers
attached flagella of Chlamydomonas, a biflagellate unicellular
alga, to microsized liposomes, which display enhanced
diffusion in the presence of ATP.*" Similarly, Vanderlick et
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al. used E. coli to drive liposomes of different sizes.”” Working
with enzyme-coated liposomes with diameter on the order of
100 nm, researchers at Penn State have recently demonstrated
enhanced (up to 25%) diffusion”’ as well as positive/negative
chemotaxis®* of liposomes in the presence of enzyme
substrates. Decorating liposomes with catalytic Pt nano-
particles, Wang and co-workers demonstrated very recently a
H,O,-responsive liposome nanomotor with high mobility and
cell uptake rate,”” in which clustering of nanoparticles on fluid
lipid bilayers was utilized to achieve local reactivity and hence
particle propulsion. As functional auxiliaries, liposomes have
also been incorporated into artificial micromotor systems
recently. For example, Stidler et al. showed that the
disintegration of liposomes coated on 0.8 um silica beads
could gropel the latter along a gradient of lipid-dissolving
agents.”® All these studies, noticeably, are based on sym-
metrical liposomes with homogeneous surface makeup. On the
use of Janus liposomes to achieve active/directional motion,
only a couple of reports have appeared thus far. In the first,
Inaba and co-workers demonstrated light-induced liposome
propulsion using photocleavable peptides.”” In our own work,
we showed recently that dipolar (+/—) Janus liposomes
undergo directional, domain orientation-specific motion driven
by either an external electric field or interparticle electrostatic
interactions.”® These results point directly to the broken
symmetry of Janus liposomes as an additional degree of
freedom in manipulating liposome motion.

In this work, we investigate how interfacial lipid release from
liposomes impacts their hydrodynamic behavior and demon-
strate liposome active motion under asymmetrical lipid efflux
conditions. Structurally, such asymmetry is realized via
cholesterol-modulated liquid/liquid lipid phase separation” ™'
within individual liposomes, yielding Janus colloidal particles
with two distinctive domains.”®** Adding f-cyclodextrin (-
CD), a cholesterol-extracting agent,33’3'4 at low mM levels to
the aqueous bulk then triggers cholesterol release from these
Janus liposomes, which occurs at one domain an order of
magnitude faster than the other. This asymmetrical material
outflow, in turn, drives directional liposome movement against
their Brownian diffusion. We further show how the active
motion is correlated to liposome asymmetry and cholesterol
extraction—the latter a surface-limited process sustained by
continuous interdomain cholesterol transfer. We explore
various experimental parameters as well as mechanistic details
responsible for such motion. This work thus reveals a uniquely
distinctive design principle based entirely on intrinsic
physicochemical properties of lipid assemblies to achieve
active motion.

B RESULTS AND DISCUSSION

Liposome Motor Design and Tracking. The Janus
configuration in individual liposomes is achieved through lipid
phase separation in ternary lipid systems™ ™" consisting of a
high-melting component (e.g, DPPC, melting temperature,
T,.: 41 °C), a low-melting one (e.g.,, DOPC, T,: —17 °C), and
cholesterol (Chol), which yields a liquid-ordered (I,) hemi-
spherical bilayer domain and a liquid-disordered (I;) half
sharing a circular, quasi-1D phase boundary at room
temperature (Figure 1). Such phase separation is thermody-
namically favored, as it helps minimize free energy within the
system caused by hard contact between DPPC and DOPC,
whose acyl chains differ each other in physical dimension,
order, and rotation/diffusion dynamics in bilayers.***

a

Microchannel
fluid reservoir

Janus liposome

10 x

N\N\s
‘%@j@% / High-melting lipid
‘F” Low-melting lipid
52 Cholesterol

Figure 1. Liposome movement detection and liposome micromotor
design. (a) Experimental setup for fluorescent monitoring of particle
motion. (b) Schematic of liposome micromotor design, which
features Janus liposomes composed of a high-melting lipid, a low-
melting lipid, and cholesterol (Chol).

Compositionally, the I, domain is enriched with DPPC/Chol
and the I; domain with DOPC.”” By varying their mixing ratio
at the stage of liposome formation, in addition, we can modify
the relative size of the two domains in the end products.*” To
make these liposomes fluorescently accessible, we add low
levels of rhodamine-labeled DOPE (rho-DOPE) and(/or)
Bodipy-labeled cholesterol (Bodipy-Chol) in the lipid
precursors. Of the two, rtho-DOPE resides almost exclusively
in the I; domain,”® whereas Bodipy-Chol is distributed in both
domains with I -phase enrichment proportional to Chol.***’
Dilute suspensions (with volumetric fractions <0.01%) of thus
labeled liposomes are loaded in transparent microchannel
reservoirs, and their movement is then followed and recorded
by a confocal fluorescence microscope (Figure 1a).

Upon addition of f-CD into the system, selective inclusion
binding of Chol inside the former’s cavity triggers a global
Chol extraction from Janus liposomes. As detailed below, this
interfacial material release takes place predominantly via the Iy
domain, and, the resultant anisotropic traffic about the
liposome causes the latter to move toward the extraction
front against their Brownian diffusion. When either liposome
asymmetry or Chol extraction is absent from the system, such
directional motion ceases to occur. In the following sections,
we present experimental evidence to confirm this new mode of
active motion and analytically establish correlations between
the extraction kinetics and active motion speed and finally
discuss the mechanistic factors responsible for such motion.

Particle Trajectory Analysis Procedure and Bench-
marking. To assess liposome movement quantitatively, we
perform mean-square displacement (MSD) analysis on
trajectories of individual liposomes. In 2D, this time-dependent
quantity is expressed as MSD(t) = ((x;,, — %)* + (Virw — ¥,
where x;,, and y,,, denote coordinates of the particle’s new
location after time interval, n, whereas x; and y; represent its
initial position. For spherical particles performing random walk
only,4 2 e, 2D diffusion, the ensemble-averaged MSD is
related to their translational diffusion coefficient, D, by the
linear relationship MSD(¢t) = 4Dt. In case that there exist

https://doi.org/10.1021/acs.langmuir.2c01866
Langmuir 2022, 38, 11468—11477


https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01866?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01866?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01866?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01866?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c01866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir pubs.acs.org/Langmuir
PS Beads Liposomes
30 25
a d=2.0um d DPPC/Chol
Linear fitting eqn. 207 d=4.7um
20 y = 0.815x - 0.040 15+ Linear fitting eqn.
10 Diffusivity derived 10 y =0.352x + 0.075
2.1x 10" um?s 5 Diffusivity derived
Fnl 8.8 x 102 um?s
E o 0 ; , : : .
e 25
& 40 b d=1.0um e DOPC/Chol
€ 20+
8 30 y = 1.739x + 0.069 d=4.4um
3 43x 107" um?s 151 y= 0,390 + 0.054
L 204 i 2 2
a 10 9.8 x 102 um?s
[0
‘(6 104 5 -//
=}
3 o 0+ ; : : — .
c
8 1%0 d=05 Janus
b= C =0.5um 301 f u
100 y =3.516x - 0.648 d=4.2um
8.6 x 10" um%s 20 y = 0.411x + 0.106
i 1.0x 10" um?s
50 104
0 . T T T T T 0 T T T r : r |
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Time Interval (s)

Time Interval (s)

Figure 2. Mean-square displacement (MSD) plots of polystyrene (PS) microbeads (a—c) and liposomes (d—f) undergoing Brownian diffusion in
DI water. In each case, the gray traces represent MSD plots averaged from all particles sampled in individual fluorescence videos, whereas the thick
colored line is the ensemble-averaged MSD plot of all particles. The size, type of the particles, the linear fitting equation of their ensemble-averaged
MSD, and calculated diffusion coefficient according to the Stokes—Einstein equation are presented in side panels. Lipid compositions: (d) DPPC/
Chol (70/30, mol %), (e) DPPC/Chol (70/30), and (f) DPPC/DOPC/Chol (35/35/30); 0.1% Bodipy-Chol and/or rho-DOPE were also

included in the liposome samples.

additional motional components in the system besides
diffusion, the MSD plots obtained tend to deviate from
linearity.*** Because of the stochastic nature of thermal
agitation, time-to-time and run-to-run fluctuations in MSD
naturally occur even for particles of the same size. To uncover
particle motion characteristics against such thermal random-
ness sufficiently accurately, it is thus necessary to sample
sizable populations of liposomes so robust statistical analysis
may be ensured. In our hands, we find such data convergence
in microbead standards when more than 200 particles are
sampled (Figure S1). A similar trend has been observed by
others.** For our liposome samples, which are more
polydisperse than the standards, we typically track and analyze
450—500 particles.

To test the effectiveness of our tracking procedure, we first
studied the movement of fluorescent polystyrene (PS)
microbeads (diameters: 0.5 + 0.03, 1.0 + 0.05, and 2.0 +
0.2 um) suspended in water. In each case, we obtained a linear
ensemble-averaged MSD plot (Figure S2), indicative of pure
Brownian diffusion. From the slope of these MSD plots, we
then derived their diffusion coefficients (Figure 2a—c), which
are in good agreement with values predicted independently by
the Stokes—Einstein equation D = kT/6nr, where kT is the
thermal energy term (4.07 X 107'* cm® g s72 at 22 °C), 77 the
viscosity of the medium (9.54 X 107> g cm™" s for water at
22 °C), and r the radius of the particle: 2.26 X 107 cm® s~
(2.0 um), 4.53 X 10™° cm® s™* (1.0 gm), and 9.06 X 1077 cm?*
s™' (0.5 pum). These are uniformly greater than the MSD-
derived values by 5—7%, which may be attributable to tracking
inaccuracy, bead size distribution, and slight fluctuations in
temperature.

11470

All Liposomes Undergo Pure Brownian Motion in
Water. With our tracking procedure giving satisfactory results
for microbead standards, we next applied it to homogeneous
(single-domain) and Janus liposomes. The size of these
liposomes is controlled by extrusion using polycarbonate
membranes with 5 ym diameter pores, yielding a population-
weighted average diameter of 4.7 ym for DPPC/Chol, 4.4 ym
for DOPC/Chol, and 4.2 ym for Janus liposomes (Figure S3).
Here again, linear MSD plots are obtained for all three types of
liposomes, suggesting that these lipid colloids undergo pure
diffusion similar to their polymer counterparts, irrespective of
lipid composition and phase conditions. From these linear
plots, we once again derived their diffusivity values (Figure
2d—f), which are 5—9% lower than those obtained from
Stokes—Einstein equation: 9.64 X 1071 cm? 7! (DPPC/
Chol), 1.03 X 10™° cm* s~ (DOPC/Chol), and 1.08 X 107°
cm?® s7!' (Janus). Considering the significantly higher level of
size dispersion in liposome samples (Figure S3), such a level of
agreement is quite satisfactory.

Janus Liposomes Execute Active Motion under
Cholesterol Extraction Conditions. To test the feasibility
of exploiting lipid efflux for active liposome motion, we next
examined liposome movement in the presence of f-CD. Owing
to their high extraction efficiency and two-way binding
dynamics, f-CD and its derivatives are widely employed in
manipulating and controlling Chol level both in artificial and
cellular lipid membranes.”~*" Administered at relatively low
(mM) levels, moreover, such extraction is Chol specific, with
other coexisting lipid components such as phospholipids
remain largely intact during the process.**™>’

As shown in Figure 3a (traces in green and red), the MSD
plots obtained from homogeneous DPPC/Chol and DOPC/
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Figure 3. (a) MSD plots of homogeneous and Janus liposomes in the
presence of 2 mM pS-CD. Colors used for different samples:
homogeneous DOPC/Chol (red), DPPC/Chol (green), DPPC/
DOPC/Chol Janus (blue), and DPPC/DPhPC/Chol Janus (black).
Insets: representative liposome movement trajectories; same color
code applies. In each case, four individually collected trajectories are
placed in a 25 X 25 ym” box (in gray). (b) Trajectory development vs
Janus liposome initial orientation of the DPPC/DOPC/Chol sample:
forward (F, with liposome’s I; domain as the front), backward (B),
and sideways (S). (c) Population-wise (n = 179) analysis of liposome
trajectory placement vs initial liposome orientation.

Chol liposomes remain largely linear in the presence of 2.0
mM SB-CD. Their MSD-derived diffusion coefficients, 9.2 X
1072 ym* s~ (DPPC/Chol) and 9.3 X 107 ym* s~ (DOPC/
Chol), compare closely to those obtained in pure water.
Strikingly, for Janus liposomes subjected to similar treatment,
the resultant MSD plot displays greater stepwise displacements
that yield an overall upward-bending profile (Figure 3a, blue
trace), indicating the presence of active motion in the system
besides diffusion.””*> A very similar trend is also observed
when we extend the test to another Janus liposome system
based on diphytanoylphosphatidylcholine (DPhPC) together
with DPPC and Chol (Figure 3a, black trace). The motional
difference between homogeneous and Janus liposomes is also
evident from individual particle trajectories recorded (Figure
3a, inset). Because Chol extraction is expected to proceed
similarly on homogeneous liposomes versus their correspond-
ing domains on Janus liposomes (more below), the active
motion observed most likely originates from the broken
symmetry, i.e., the opposing l;/l, domains, associated with the
latter.

Fitting these plots according to the two-component
model,'”** MSD(t) = v, + 4Dt, we further obtained the
active motion velocity (v,) and diffusivity (D) of the two Janus
systems (Figure $4): 1.9 X 107" ym s™" and 1.5 X 107" ym?*
s~! (DPPC/DOPC/Chol); 2.0 X 107" ym s~ and 1.6 X 107!

um?* s7' (DPPC/DPhPC/Chol), respectively. Of the former,
the calculated diffusivity is ~50% greater than that obtained in
pure water, suggesting that diffusion is coupled with and
enhanced by the active motion.'”"? From these values, we also
calculated Péclet number (Pe) associated with the active
motion by Pe = 2rvy/D: 6.2 (DPPC/DOPC/Chol) and 6.5
(DPPC/DPhPC/Chol). A dimensionless quantity, Pe charac-
terizes the relative contribution of active versus diffusive
components to overall particle movement, with Pe > 1 if
active motion dominates in the system and Pe < 1 when it is
negligible. Thus, our Janus liposome system represents an
intermediate case in which the active component is greater
than but not dominant over diffusion. Of particular note is that
due to time needed for solution mixing and injection
(Experimental Section), our particle tracking procedure has
to miss the initial stage of the extraction while the Chol efflux
is the highest. Otherwise, we would expect to see more
prominent liposome active motion.

A close examination of individual trajectories obtained from
DPPC/DOPC/Chol Janus liposomes in addition reveals a
direct correlation between the liposome trajectory placement
and their initial domain orientation. Here, we define this
correlation in three categories: front (with the trajectory
developed in front of the l; domain of the liposome), backward
(with the trajectory developed in front of the I, domain of the
liposome), and sideways (Figure 3b). Expanding this analysis
to the entire population (n = 179, with their initial domain
orientation clearly identifiable), we find the forward case in
47% of the liposomes, whereas 28% went the opposite
direction and 25% moved sideways (Figure 3c).

A related factor to consider here is liposome’s rotational
motion, which as thermal noise randomizes liposome
orientation. For 5 ym diameter liposomes, we estimate their
rotational diffusion coefficient (D,) to be 1.03 X 107 s™! by D,
= kT/(8n7°). From this value, we then obtain the persistence
time associated with liposome motion (7,) at 48.5 s, following
7, = [(d — 1)D,]7", where d (=3) is the spatial dimension of
rotation. Within the 15 s time window of liposome tracking,
therefore, liposome active motion is expected to remain
correlated to their initial orientation,'*'® consistent with our
experimental observation.

Cholesterol Extraction from Liposomes by p-CD Is
Lipid Dependent and Domain Specific. To quantitatively
assess Chol efflux in different lipid systems and thus identify its
correlation with liposome motion, we next investigated Chol
extraction kinetics by fluorescently following its analogue,
Bodipy-Chol. Combining the dye’s compact size and charge
neutrality with Chol’s main structural features in a small
package, this probe has been found to closely track the
distribution/transport of Chol in both model*>*° and
cellular*”*® lipid environments. Moreover, Bodipy-Chol
maintains similar emission characteristics in both I; and [
lipid domains,”"*> enabling its use in following Chol
partitioning among complex membrane phases. By combining
fluorescence detection of Bodipy-Chol with external standard
calibration (Experimental Section), we can thus quantify Chol
levels in different liposomes and lipid domains.

As a preliminary test, our single-point fluorescence imaging
reveals appreciably faster extraction on DOPC/Chol versus
DPPC/Chol homogeneous liposomes. Upon 16 min con-
tinuous extraction, for example, Bodipy-Chol fluorescence is
mostly retained in DPPC/Chol liposomes but largely lost from
DOPC/Chol liposomes (Figure 4a). This trend is further
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Figure 4. f-CD extraction of Chol from homogeneous and Janus
liposomes. (a) Fluorescence micrographs of liposome samples before/
after 16 min extraction with 2 mM f-CD. The concentration of
Bodipy-Chol is 0.5% in homogeneous samples and 1% in Janus
liposomes. Scale bar: SO ym. (b) Bodipy-Chol concentration decrease
in homogeneous (solid squares and circles) and Janus liposomes
(open squares and circles) over time as a result of f-CD extraction.
Solid and dashed lines are fitting curves obtained from first-order
kinetics. In the case of the Janus l; domain, only the last six data
points were used to produce the fit.

confirmed by detailed time-dependent measurements, which
identify first-order Chol extraction kinetics for both cases
(Figure 4b). Specifically, it proceeds an order of magnitude
faster in DOPC (k = 0.056 s7', t,/, = 9.5 min) compared to
DPPC (k = 0.005 s™', t,/, = 143 min). This result is in accord
with previous findings that Chol displays a higher tendency
(activity) to escape from disordered lipid domains, a result due
to complex interplay between Chol/lipid binding, lipid matrix
order (with it, Chol's accessibility), and entropy.”” > Fast
Chol extraction also appears evident at the [; domain in Janus
liposomes (Figure 4a).

Detailed kinetic analysis reveals several additional features
unique to Janus liposomes (Figure 4b). To start, a rate
constant of 0.031 s (t,, = 20 min) is found for Chol
extraction at the I, domain, which is 6 times higher than that
from homogeneous DPPC liposomes. At the DOPC-enriched
I3 domain, interestingly, the level of extraction appears to first
rise at the beginning of the process before setting into a
continuous decay (open circles in red, Figure 4b). The first-
order fitting of the latter returns k = 0.061 s™* (¢,/, = 5.3 min),

which is quite comparable to that from homogeneous DOPC
liposomes. Of the initial rise, it corresponds to a level of Chol
traffic at the I; domain that temporarily surpasses the local
Chol availability. Because there exists no external Chol supply
in the system, this greater Chol traffic can only be sustained by
an internal Chol transfer, i.e., from the I to I; domain, of the
same Janus liposome. The existence of this internal route is
also consistent with the observation of fast Chol depletion
observed from the I, domain, serving as the internal Chol
reserve in the grocess. As suggested previously by Sanchez and
co-workers,”*” the Chol distribution between 1,/I; domains
maintains a dynamic equilibrium dictated by the amount/type
of lipids present in the liposome. When a preexisting
equilibrium is tipped over by fast extraction taking place at
one domain of the liposome, such internal Chol transfer acts to
reestablish the global equilibrium.

Contributing Factors to Liposome Active Motion.
Keeping the nominal liposome size constant at S ym, we next
examined the impact of various extraction-related experimental
variables on liposome motion. As for the concentration of the
extracting agent, we find the MSD plot obtained with 0.5 mM
B-CD to be closely comparable to the case of 2 mM S-CD
(Figure Sa). When [f-CD] is raised to 4 mM, only a small
(~10%) increase in liposome displacement is obtained (trace
in purple, Figure Sa), which is likely due to the fast depletion
of Chol from liposomes under high -CD concentrations (see
the Experimental Section). At still higher concentrations, e.g., S
mM, substantial liposome morphological changes and
rupturing prevent us from accurately identifying I4/l, domains.
Interestingly, when we replace -CD out from the system with
methyl--CD (at 1 mM), a more efficient Chol-extracting
agent than the former,”*” we observe a 35% enhancement in
the resulting MSD (trace in orange, Figure Sa). Higher methyl-
B-CD concentrations are not tested due to extensive liposome
rupturing and lipid domain fusion.

Another factor investigated is the relative size of I; versus I,
domains, i.e., the Janus ratio, in Janus liposomes, which can be
controlled by adjusting the mixing ratio of the three main
lipids.”> Here, we identify a clear correlation, in that liposomes
generally move more actively as their /3 domain becomes larger
(Figure Sb). Of the three samples tested, the one prepared
from DPPC/DOPC/Chol mixed at 50/20/30 (Janus ratio:
~1:3) produces the least active MSD plot, which is still
significantly more active (by 90%) than that obtained from
homogeneous DPPC/Chol liposomes under similar conditions
(green trace at bottom, Figure Sb). In comparison, the 35/35/
30 sample (Janus ratio: ~1:1) is 20% more active, which, in
turn, is 47% slower than that from 30/50/20 mixed sample
(Janus ratio: ~3:1). Of the latter, it is important to note that its
highest mobility is achieved despite its lowest Chol level
expected in the I; domain among the three.”” While these
results point directly to the deciding role of liposome surface
area on the liposome active motion, other factors, such as Chol
anchoring strength and its heterogeneous liposome exit,”’
cannot be ruled out fully without further examination.

Molecular Interactions, Driving Forces and Hydro-
dynamics Involved. We now move on to a mechanistic
discussion of the observed liposome active motion, focusing on
the molecular interactions, interfacial forces, and hydro-
dynamics involved.

Starting from the extractant, $-CD, its a-1,4-linked, seven-
member glucose ring system possesses a truncated-cone
shaped structure when dispersed in water, featuring a shallow
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Figure S. (a) MSD plots of Janus liposome movement obtained from
different CD concentrations and types. (b) MSD plots of Janus
liposome movement obtained from samples with different Janus
ratios. The MSD plot obtained with DPPC/Chol liposomes under
similar conditions is included as a reference (bottom trace in black).
Inset: fluorescence micrographs of representative liposomes with
different relative I;/l, domain sizes and their lipid mixing ratios. For
clarify, these are taken from liposome samples without size control
(extrusion). Scale bar: 10 um.

hydrophobic cavity furnished distally by two (6-positioned)
hydroxyl groups at the narrow end and four (2,3-positioned)
hydroxyl groups at the other.”® These peripheral hydroxyls
render hydrogen bonding prominent in much of f-CD
interaction with other species, be it a solvent (water primarily)
or a binding partner. As to the cavity, it is important to
recognize that it is “preloaded” with several water molecules
inside, e.g,, ~6 from neutron diffraction evidence.®' Because of
structural confinement presented by the cavity, moreover,
these interior water molecules can only attain partial H-
bonding, as opposed to the ideal 4-fold arrangement, with their
neighbors. As such, they are highly disordered and mobile.
When a binding partner enters p-CD’s cavity to form an
inclusion complex, out go these frustrated water molecules
(Figure 6a). Energetically, it is the release of these high-energy
waters to the bulk, thus restoring their H-bonding order, that
primarily drives such formations.”>**

Once being added into a liposome solution, #-CD starts to
accumulate around liposomes driven by H-bonding with the
lipid headgroups.®* From there, it would either thermally relax
back to the bulk or, more eventfully, encounter a cholesterol
nearby, whose hydroxyl group is positioned at the lipid/water

of Janus liposomes.

interface but less accessible to f-CD compared to coassembled
phospholipids. Such encounters then trigger highly efficient
Chol extraction from the liposome host, with AG estimated to
be —40 kJ mol™' for I like lipid systems.”> To pull the
relatively long Chol fully out, the addition of second f-CD is
favored so as to shield Chol’s entire hydrophobic body from
direct water exposure. This 2:1 CDDChol complex stoichi-
ometry is %enerally supported by experimental®®®” and
simulation®®® results. Once the extraction is complete, the
resultant CDDChol complex tends to diffuse away from the
liposome surface—as a new entity, its concentration is the
highest there. Such departure is also facilitated by the unbound
B-CDs, which continuously diffuse in to replace those Chol-
loaded ones from liposome surface and thus sustain the
extraction. A two-way traffic of extractants, therefore, arises at
the liposome/water interface (Figure 6b).

Mechanically, the extraction process can be viewed as an
intermolecular tug of war between Chol’s complexation with -
CD on one hand and Chol’s anchoring in lipid matrices on the
other. From recent single-molecule force studies, the former
interaction registers a force of >30 pN,” exceeding the latter
measured for both I, (22 pN) and I; (12 pN) bilayers’® under
comparable conditions. These results not only underscore f-
CD’s high extraction efficiency toward Chol, but, more
importantly, they also hint at the pulling force that the
liposome host must experience as Chol exits from it. As 2D
liquids, I,/l4 lipid bilayers are viscous matrices that exhibit
internal friction. As the force imbalance causes Chol to
accelerate from a relatively stationary starting position inside
these matrices, part of momentum carried by Chol will be
transferred to the liposome via such internal friction, resulting
in a pull along the same direction, i.e., roughly perpendicular to
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the local bilayer plane. Of the two CDs tested, methyl f-CD
bears a deeper hydrophobic pocket that affords more favorable
inclusion of Chol compared to S-CD,”' thus registering a
stronger pull. Its two H-bonds vs f-CD’s six also translates to a
smaller desorption energy barrier.® This pulling force,
moreover, multiplies as the Chol efflux increases. Take
homogeneous DOPC/Chol liposomes, for example. From
the cross-section area each lipid occupies in a mixed lipid
bilayer, 0.6 nm? for DOPC and 0.2 nm? for Chol,”* we can
estimate their average number in a § ym diameter unilamellar
liposome: 2.2 X 10° and 1.0 X 10% respectively. Relating the
latter with the extraction half-time obtained earlier (¢, = 9.5
min), we can then obtain a rough estimate of the average Chol
efflux: 1.1 X 10° um™ s™', which, notably, compares closely to
the rate of f-CD-facilitated Chol desorption from mono-
layers. "

Such Chol extraction-induced pulling does not produce
directional liposome motion outright, however. Another key
factor is the geometric asymmetry of Janus liposomes, which
enables anisotropic Chol efflux over the liposome surface and,
hence, external force development about the structure. By
contrast, the spherical symmetry of homogeneous liposomes
leads to net cancellation of interfacial forces around the
particles. As a result, their motion remains largely diffusive
despite their ongoing Chol extraction (Figure 3).

As the most abundant species present, water, particularly its
hydration effect and associated hydrodynamics, needs specific
consideration. For both homogeneous and Janus liposomes, we
observe ideal Brownian motion (Figure 2) that can be fully
described by diffusion of a rigid sphere at low Reynolds
numbers.""”* Although there are no reported measurements
on large liposomes as studied here, our result agrees with
previous ﬁndings on diffusion of nanosized liposomes in dilute
environments.””’> Microscopically, liposome diffusion results
from uncompensated random thermal collisions by water
molecules in the bulk. The bound waters, on the other hand,
display much slower translational/rotational dynamics’®~"
and to a good approximation may be considered frozen during
the collision process. In this sense, the bound water layer is as
much on the receiving end of the collision as the liposome
itself. As such, the bulk water “sees” and interacts with
liposomes no differently than a hard sphere of the same size.

B CONCLUSIONS

This work demonstrates liposome active motion through
asymmetrical lipid efflux from Janus liposomes. Sustained by
continuous Chol release from liposomes and interdomain Chol
transfer, the observed active motion exceeds the background
diffusion by nearly two-fold. By exploiting intrinsic material
properties of lipid assemblies, such as lipid phase separation
and extraction, this work represents a significant departure
from existing liposome-based motor design strategies. Applied
orthogonally together with the latter, it should enable further
development of multiresponsive, function-programmable lip-
osome motors. Largely a proof of concept in itself, this work
outlines a hierarchical design principle that should be
applicable to other lipid systems operating on alternative
intermolecular interactions and interfacial properties. One of
such possibilities for exploration is lipid active enzymes.
Ongoing work in this laboratory is focused on improving the
activity and robustness (e.g., under osmotic pressure or in
crowded environments) of these liposome motors.

B EXPERIMENTAL SECTION

Liposome Preparation. Janus as well as homogeneous liposomes
were prepared by following the gel-assisted hydration method by
Marques et al.”’ with minor modifications.*” Briefly, dry poly(vinyl
alcohol) (PVA, MW: 145000, Sigma-Aldrich) films were first
prepared by spreading drops of a PVA aqueous solution (5 wt %)
on precleaned glass slides, followed by drying at 50 °C for 0.5 h. On
such dry PVA films, lipid stacks were then deposited by spreading
small quantities of lipid precursors (e.g., S uL of 1 mM total lipids
dissolved in chloroform) followed by further drying under vacuum for
overnight at room temperature. In the final step, such dried lipid films
were hydrated in DI water at 45 °C to yield liposomes. Depending on
lipid composition, the hydration time varies: 1 h for homogeneous
DPPC/Chol and DOPC/Chol liposomes; 2 h for DPPC/DOPC/
Chol and DPPC/DPhPC/Chol Janus liposomes. The exact lipid
compositions are specified in the main text. Unless specified
otherwise, lipid-conjugated indicator dyes, 23-(dipyrrometheneboron
difluoride)-24-norcholesterol (Bodipy-Chol, Avanti Polar Lipids)
and/or 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt) (rho-DOPE, Avanti Polar
Lipids), were also included in the liposome formation at 0.1 mol %.
Liposome samples thus prepared were stored at 4 °C for future use.

The size-controlled liposomes were prepared by extruding above-
prepared hydration liposome samples one round through a plunger-
based lipid extruder (Mini-Extruder, Avanti Polar Lipids) furnished by
polycarbonate filter membranes with S ym diameter pores (Whatman
Nuclepore, GE Healthcare). Fluorescence images of all liposomes
before/after extrusion are included in Figure S3. The reported size of
these liposomes was determined by the “Analyze Particles” function in
Image]J (ver.: 2.00-rc-69/1.52n).

Liposome Movement Tracking. Fluorescence images and
videos of liposomes were acquired on a Nikon Al+/MP confocal
scanning laser microscope (Nikon Instruments, Melville, NY) using
10X or 20X objectives and excitation laser lines at 488 and 561 nm.
The corresponding green and red emission signals were filtered at 525
+ 25 and 595 + 25 nm, respectively. For fluorescence recording,
microscope-compatible, linear microfluidic channel slides (thinXXS
100182; dimensions: 200 gm X 200 ym X 18 mm; Cole-Parmer)
were used as reservoirs to hold liposome samples. To avoid channel
wall-associated motion complications and ensure run-to-run con-
sistency, only particles near the center of microchannels, i.e., ~100
pm away from the channel sides and floor/ceiling, are monitored and
recorded. Before each measurement, these microchannel slides were
thoroughly cleaned by sonication for 30 min each in methanol and
then DI water; residual solvents were blow-dried with a nitrogen
stream. For PS bead and liposome diffusion measurements, dilute
liposome samples in DI water were first pipetted into the
microchannels. To achieve fluid quiescence, the liposome solution
in the microchannel was sealed off from the surrounding at the two
inlets with Parafilm. For liposome active motion measurement, dilute
liposome samples in DI water were first mixed with cyclodextrin
aqueous solutions of desired concentration, which were immediately
injected into the microchannel, sealed, and secured on the stage of the
fluorescence microscope. The whole procedure from sample mixing to
the start of video recording is typically controlled under 2 min.
Fluorescence videos were typically recorded at 512 X 512 pixel
resolution at 1 frame/s, which represent the optimized conditions for
us to be able to resolve Janus liposomes of 5 ym diameter and at the
same time follow particle motion with sufficient time resolution.
Several representative videos recorded for liposomes and PS
microbeads are included in the Supporting Information. Unless
otherwise specified, the final f-CD concentration is kept at 2 mM,
which was chosen because (1) it elicits effective Chol extraction and
(2) provides a long enough time window for reliable motion tracking
and kinetics measurements. At 4 mM f-CD, by contrast, the
extraction is found to ~85% complete in less than S min (data not
shown).

Chol Extraction Kinetics. Home-prepared poly-
(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning) microwells
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(diameter: S mm; depth: 3 mm) fixed on glass slides were used as
imaging cells for Chol extraction kinetics study. As samples, Bodipy-
Chol labeled giant liposomes obtained directly from hydration (i.e.,
without size control by extrusion) were used. As detailed in the main
text, we follow the extent of Chol extraction by imaging its fluorescent
analogue, Bodipy-Chol, over the course of 60—70 min. To quantify its
amount in liposome samples, calibration curves were first constructed
from liposomes doped with known levels of Bodipy-Chol. For
homogeneous samples, these are prepared at 0.1, 0.2, and 0.5 mol %,
and for Janus liposomes, the series contains 0.2, 0.5, and 1 mol %,
both yielding satisfactory linearity in the tested concentration range
(Figure SS). To start each measurement, a 30 uL such liposome
sample was first pipetted into a PDMS cell and given 0.5 h to settle;
the liposome density is controlled such that this typically yields a
dozen or so liposomes parked on the floor of the cell to start the
measurement. To initiate the extraction process, a 30 uL 4 mM f-CD
aqueous solution was gently pipetted into the liposome solution; the
final f-CD concentration in the cell is thus 2 mM. To avoid
fluorescence decay due to photobleaching, the samples are kept in
dark unless during image acquisition. The fluorescence intensity of
each sample was measured with the built-in intensity scan function in
Image], and the highest intensity corresponding to the liposome rim
was reported (Figure SS).

Particle Trajectory Analysis. Monodisperse green fluorescent PS
microbeads (diameters: 0.5 + 0.03, 1.0 + 0.0S, and 2.0 + 0.2 um,
Bangs Laboratories) were used to verify tracking accuracy of this
procedure. Trajectories of both PS beads and liposomes are obtained
by analyzing particle movement fluorescence videos using TrackMate,
a single-particle tracking tool embedded in Image]. The trajectory files
thus obtained were then imported into MATLAB to calculate the
mean-squared displacement (MSD) of particle movement following a
published protocol.*® To ensure data convergence (Figure S1), at
least 450 particles were analyzed in each sample to obtain the
ensemble-averaged MSD plot.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Additional experimental details, including mean-squared
displacement (MSD) analysis data convergence, linear/
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