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ABSTRACT: A liposome-based micromotor system that utilizes regional enzymatic
conversion and gas generation to achieve directional motion in water is presented.
Constituted mainly of a low-melting lipid and a high-melting lipid together with
cholesterol, these liposomes maintain stable Janus configuration at room temperature as a
result of lipid liquid−liquid phase separation. Local placement of enzymes such as
horseradish peroxidase is realized via affinity binding between avidin and biotin, the latter
as a lipid conjugate sorted specifically into one domain of these Janus liposomes as a minor
component. In the presence of the substrate, hydrogen peroxide, these enzyme-decorated
Janus liposomes undergo directional motion, yielding velocities exceeding thermal diffusion
by three folds in some cases. Experimental details on liposome size control, motor
assembly, and substrate distribution are presented; effects of key experimental factors on
liposome motion, such as substrate concentration and liposome Janus ratio, are also
examined. This work thus provides a viable approach to building asymmetrical lipid-
assembled, enzyme-attached colloids and, in addition, stresses the importance of asymmetry in achieving particle directional motion.

■ INTRODUCTION
Artificial nano-/micromotors have attracted much research
interest in recent years owing to their promise for advanced
materials with built-in motility. Sophisticated functionality and
exotic collective behavior, ranging from on-demand drug
delivery, nanorobotics to active matter, have been envi-
sioned.1−4 As a class of water-dispersed, intrinsically
biocompatible colloidal assemblies, liposomes have established
diverse and widespread utility in both basic research (e.g.,
membrane biophysics,5 protocells,6 and lubrication7) and
commercial (e.g., drug delivery,8 food,9 cosmetics,10 and
immunoassays11) avenues; exploring their physicochemical
characteristics and performance as artificial motors, therefore,
bears significant fundamental as well as practical implications.
Herein, we present a liposome-based micromotor system in
which directional particle motion is realized through regionally
executed enzymatic gas production. To the existing body of
work exploiting liposomes or gas-generating enzymes to build
nano-/micromotors, this work thus adds a new example in
which localized enzyme activity is furnished out through
asymmetrical liposome carriers.

Combining high efficiency/specificity of one with the broken
symmetry of the other, enzyme-coated Janus particles provide
an attractive approach to artificial motors. Among numerous
enzymatic systems12−16 being investigated, catalase and urease
stand out for their effective gas (O2 or CO2) production from
naturally occurring, small-molecule substrates (H2O2 or urea),
conveniently affording design schemes for gas-propelled
artificial motors navigating in aqueous media. As for enzyme
on-particle placement, conventional bioimmobilization meth-
ods (e.g., covalent conjugation and physical adsorption)

coupled with various masking schemes have yielded reliable
and precise modification of individual inorganic/polymer
nanoparticles.17−20 Performance wise, these enzyme-attached
Janus particles typically display enhanced diffusion15,16 in the
presence of enzymatic substrates�a result of fast rotational
diffusion randomizing their directional motion at this length
scale.21,22 Besides size and broken symmetry of Janus particles,
other enzyme-associated properties, such as their loading,
catalytic efficiency, and stability, have also been shown to
impact the mobility of these enzyme-powered motors.12,23

How to maintain enzyme activity during the operation of these
artificial motors, in particular, is considered as one of the major
issues currently impeding their routine biomedical applica-
tions.1,13,14

With their minuscule, spherically sealed lipid bilayer(s) fully
immersed in water on both sides, liposomes represent versatile
colloidal carriers of biomolecules:24−26 depending on their
size/polarity, the latter may be anchored either within the lipid
bilayer or on liposome surface, or encapsulated inside the
aqueous core of liposomes. Recognizing these attractive
features, Cremer, Velegol, Sen, and their co-workers recently
investigated microscopic movement of several enzyme-carrying
liposome systems.27,28 Under parallel laminar flow conditions,
nanosized liposomes coated with catalase and urease were
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found to undergo positive and negative chemotaxis,27

respectively, when subjected to their substrate; in solution,
liposomes embedded with ATPase were observed to perform
enhanced diffusion in the presence of ATP.28 Taking further
advantage of liposome’s encapsulation capability, Patiño,
Maspoch, Sańchez, and their co-workers developed liposome
nanomotors with urease either coated on surface of or
encapsulated within liposomes.29 While the intact urease-
encapsulated liposomes display no active motion with urea
present outside, disrupting the liposome bilayer, combined
with acidic treatments, led to a nearly one-fold mobility
increase compared to background diffusion. These results
clearly demonstrated the usefulness of liposomes in building
enzyme-powered artificial motors. While no literature prece-
dents exist in which Janus liposomes are employed in tandem
with enzymatic gas generation to achieve active motion, the
potential benefits of such coupling have been clearly
demonstrated through their synthetic cousins, polymer-
somes.30,31

In this work, we present a proof-of-concept example of Janus
liposome-based, enzyme-powered artificial motor systems.
Horseradish peroxidase (HRP), a gas-generating enzyme, is
selectively placed on phase-separated Janus liposomes, using
domain-specific sorting of biotinylated lipids followed by
enzyme conjugation via avidin/biotin binding. In the presence
of HRP’s substrate, H2O2, these HRP-decorated Janus
liposomes undergo directional motion, yielding velocities up
to 3 times greater than their thermal diffusion. By contrast,
such enhanced mobility is absent from homogeneous enzyme-
decorated liposomes subjected to similar treatments. Motional
characteristics of these enzyme-attached Janus liposome
motors are compared with an enzyme-free liposome active
motion system32 we reported recently. Effects of other key
experimental factors on liposome motion, including substrate
distribution/concentration and liposome Janus ratio, are also
examined in detail.

■ RESULTS AND DISCUSSION
Liposome Motor Design. A schematic drawing of

essential components of our enzymatic liposome motors is
shown in Figure 1. Composition wise, these liposomes contain
mainly three lipids, DOPC/DPPC/cholesterol, in a 35:35:30

mole ratio, which together yield a liquid-disordered (ld) lipid
domain phase-separated from a liquid-ordered (lo) half within
individual liposomes at room temperature, i.e., Janus lip-
osomes.33 These liposomes are additionally doped with three
minor components: fluorescent ld(lo) phase indicator; rho-
DOPE (Bodipy-Chol), both at 0.2%; and biotin-DOPE
typically held at 1%. The latter is employed to anchor enzymes
on the liposome surface through biotin/avidin binding.
Importantly, since biotin-DOPE can be prepared to reside in
the ld domain nearly exclusively (see below), the enzyme to be
anchored, HRP, will only decorate the outer surface associated
with the ld hemisphere of a liposome upon affinity binding. In
the presence of their substrate (H2O2), accordingly, these
regionally arranged enzymes will generate oxygen primarily
near the ld hemisphere of the host liposome, propelling the
latter forward.
Liposome Motor Assembly and Characterization. It

thus takes two steps to construct such liposome motors: (1)
sorting biotin-DOPE into the ld-domain of Janus liposomes,
followed by (2) enzyme attachment thereabout via biotin/
avidin binding. To maximize gas production, one generally
prefers high biotin-DOPE loading in liposomes (step 1),
which, however, could disrupt the lipid organization/phase
equilibrium preestablished by DOPC/DPPC/Chol if un-
checked. Similarly, the subsequent biotin/avidin-HRP binding
(step 2) may introduce additional perturbance to liposomes
due to the multivalent nature of such binding.

To identify optimal assembling conditions, we examined ld-
labeled Janus liposomes subjected to a series of biotin-DOPE
doping levels and avidin mixing ratios. As shown in Figure 2,
biotin-DOPE at 1 mol% doping level remains largely ld-
associated in Janus liposomes, consistent with our previous
observation.33 Assuming an even split between ld and lo
domains, such exclusive association of biotin-DOPE doubles
its effective concentration in the ld domain to 2%. When such
biotinylated Janus liposomes were incubated externally with
avidin at 5:1 (with biotin in excess to minimize free avidin in
solution) mixing ratio; moreover, a fairly even coat of avidin on
the ld-hemisphere was obtained (Figure 2c). Higher mixing
ratios, for example, 5:1.5 or 5:2, were found to yield denser
avidin layers under similar incubation conditions, which,
however, were accompanied frequently by liposome morphol-
ogy changes (e.g., disrupted domains and dotted formations on
liposome surfaces) as well as liposome aggregation (Figure
S1). By contrast, such unfavorable liposome modifications
were minimal at the 5:1 biotin-to-avidin binding ratio. To
ensure good enzyme coverage while maintaining the integrity/
entity of individual Janus liposomes, we thus chose 1% biotin-
DOPE 5:1 bound to avidin-HRP to build our liposome
motors.
Liposome Size Control. To be able to quantitatively

assess liposome active motion resulted from enzymatic gas
production, the passive component of liposome movement,
i.e., thermal diffusion, must also be accounted for. According to
Stokes−Einstein equation, D = kT/6πηr, where kT is the
thermal energy, η is the viscosity of the medium, and r is the
radius of the particle, the extent of diffusion of a spherical
particle scales inversely proportionally to its size. To keep
liposome diffusion at a relatively constant level, we thus sought
to control their size using membrane extrusion (Experimental
Section). As shown in Figure 3, liposome samples as prepared
display a wide range of sizes, which, upon extrusion through 5-
μm-diameter porous membranes, can be effectively narrowed

Figure 1. Design of enzymatic Janus liposome micromotors. The
double circles indicate the lipid bilayer of the liposome, whereas its
Janus configuration is denoted by green/red colors. Enzymes (E),
such as horseradish hydrogen peroxidase (HRP) investigated here, are
conjugated to the outer surface of the ld domain of Janus liposomes
via biotin/avidin binding. The substrate of HRP, hydrogen peroxide
(H2O2), is present both inside and outside Janus liposomes during
their movement.
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down to be around 5 μm. For Janus liposomes, importantly,
the Janus configuration in the end product appears to be
relatively unaffected after such hydraulic treatment. It is
possible to prepare smaller liposomes by extrusion employing
membranes with finer pores, which, however, makes it
challenging to reliably discern the two domains in Janus
liposomes.
Substrate (H2O2) Distribution in the System. With all

lipid constituents dynamically assembled into a bilayer-
enclosed architecture, liposomes differ fundamentally from
their inorganic/polymer counterparts for building motors.
Their structural thinness and softness, first and foremost,
directly impact their mechanical stability and hence the
integrity of resultant motors. This is especially the case for
microsized liposomes studied here, in which microscopic
membrane deformation is largely decoupled with nanoscopic
bending from individual lipids and thus respond freely to

surface tension and other environmental agitations.34−36 If, for
example, a species with limited permeability to the liposome
bilayer is only present on one side of the liposome, a
concentration gradient would result across the bilayer. This, in
turn, will produce an osmotic pressure that can be too great for
the liposome to withstand�a detrimental outcome for its
intended application.

To determine whether H2O2 poses any osmotic shock to
liposomes investigated here, we next monitored liposome
samples subjected to a sudden H2O2 concentration jump in the
surroundings. As shown in Figure 4, Janus liposomes upon
exposure to ∼80 mM (or 0.8 wt%) H2O2 were able to maintain
not only their phase-separated morphology but, to a great
extent, also their size. Similar observations were also obtained
at higher H2O2 concentrations (up to 5 wt%) as well as from
homogeneous DOPC liposomes (data not shown). These
results thus suggest that H2O2 readily permeates and

Figure 2. Fluorescence microscopic characterization of biotin-DOPE localization in DPPC/DOPC/cholesterol Janus liposomes. (a) Cartoon
depiction of fluorescently monitoring liposome ld domain (shown in part) with rho-DOPE and biotin-DOPE via Bodipy-labeled avidin. (b) Red-
channel (rho-DOPE) fluorescence micrograph revealing the ld-domain of Janus liposomes; lipid composition: DPPC/DOPC/Chol (35:35:30 in
mole ratio) containing additionally 0.2% rho-DOPE. (c) Green fluorescence image showing avidin location of the same liposome sample. The level
of avidin is controlled to be roughly 1:5 relative to available biotin-DOPE (see the Experimental Section). (d) Merged fluorescence image of (b)
and (c). Scale bar: 50 μm.
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equilibrates across DOPC/DPPC/Chol bilayers, at least on the
second (s) timescale if not much faster.37 Permeability
coefficients of H2O2 across ld and lo lipid bilayers became
available just recently, with the former measured to be at 1 ×
10−3 cm/s level for DOPC/POPG/Chol liposomes.38 For
reference, this value is roughly an order of magnitude greater
than water permeation across Chol-mixed lipid membranes,39

whereas oxygen, the product of H2O2 enzymatic breakdown,
permeates much more facilely (on the order of 1 × 102 cm/
s).40

Also included in Figure 4 are control measurements of Janus
liposomes similarly treated with sucrose instead. Owing to its
high water solubility and low lipid permeability, sucrose is
frequently employed as an osmolyte to enforce osmotic
imbalance across lipid membranes.41 Its hydrogen-bonding
capability and high density (relative to water alone), in
addition, are quite useful in liposome preparation and
sedimentation.24,42 According to van’t Hoff equation, ΔΠ =
ΔckT, where Δc is the concentration gradient and ΔΠ is the
resultant osmotic pressure, 24 mM sucrose introduced
externally would exert an osmotic pressure of nearly 60 kPa
across the liposome bilayers. The resulting force, in turn,
squeezes and crushes the liposome all around, quickly
shrinking the latter into a much smaller particle with crumpled
and intermixed lipid domains (Figure 4b).
Enzymatic Gas-Driven Motion of Janus Liposomes.

With background diffusion properly controlled and substrate
distribution in the system known, we next investigated
liposome movement trajectories and speed under various
conditions. In each case, we perform mean-square displace-
ment (MSD) analysis on >500 liposome trajectories to obtain
a robust, ensemble-averaged displacement plot (Experimental

Section). As shown in Figure 5a, HRP-ld-attached Janus
liposomes in the presence of H2O2 collectively yield an
upward-bending MSD plot, indicative of the presence of active
motion component in the system that is superimposed with
background diffusion. When either the enzyme or its substrate
is taken out of the system, in contrast, only sublinear MSD
plots characteristic of diffusion-dominant motion21,22 were
obtained (Figure 5b,c). These negative controls thus point to
enzymatic gas production as the driving force of liposome
active motion. Furthermore, when homogeneous DOPC
liposomes were used as motor construct in place of Janus
liposomes (while keeping both HRP and H2O2 in the system),
only background-level displacements were observed (Figure
5d). This result stresses once again the importance of particle
asymmetry in achieving liposome active motion:32 interfacial
reactivity (i.e., gas generation), a necessary condition for
particle propulsion, can fall insufficient if it gets canceled out
around the particle due to the latter’s spherical symmetry.

Fitting the ensemble-averaged MSD plot in Figure 5a into
the diffusion-with-flow model,21,43 MSD(t) = v02 t2 + 4Dt, we
then obtained the active motion velocity (v0) and translational
diffusivity (D), 2.7 × 10−1 μm s−1 and 8.6 × 10−2 μm2 s−1, of
the system being tested. Treating the three negative controls as
diffusion-only cases, we in turn estimated their diffusivity: 8.7
× 10−2 μm2 s−1 (substrate-free), 9.4 × 10−2 μm2 s−1 (enzyme-
free), 9.7 × 10−2 μm2 s−1 (homogeneous liposomes),
respectively, following MSD(t) = 4Dt. These MSD-derived
diffusivity values are in general agreement with that predicted
(1.0 × 10−1 μm2 s−1) by the Stokes−Einstein equation for
spherical particles of 4.5-μm diameter. Using the same
liposome size, we further obtained Pećlet number (Pe)21 of
14.1 associated with the active case, from Pe = 2rv0/D, which

Figure 3. Fluorescence images of liposomes before/after size control via extrusion and their size distribution. (a) Homogeneous DOPC/Chol (70/
30, mole ratio) liposomes doped in addition with 0.2% rho-DOPE (n = 558). (b) DPPC/DOPC/Chol (35/35/30) Janus liposomes containing
also 0.2% Bodipy-Chol and rho-DOPE each (n = 556). Liposome counts are reported in 0.5-μm size groups with their lower size limits identified in
the histograms. Scale bar: 25 μm.
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denotes the magnitude of active motion component relative to
diffusion.

Different levels of liposome movement among these samples
are also evident from examining representative trajectories of
individual liposomes (Figure 6). While particles in control
groups typically display clustered trajectories featuring short
stepwise displacements over the 15-s monitoring window,
liposomes undergoing active motion tend to produce more
extended traces. A closer examination further reveals that the
majority of these active liposomes (45%) move in a directional
fashion, in that the particle tends to move along the direction
defined by the initial orientation of its ld (rear) and lo (front)
domains (Figure 6d). Due to thermal randomization and
liposome rotational motion, trajectories that display overall
sideway as well as backward movement were also found, which
occur at lower frequencies. Fluorescence videos of Janus
liposome movement under enzymatic conversion as well as
control conditions are included in the Supporting Information
(Videos S1−S4).
Effect of H2O2 Concentration on Liposome Active

Motion. Since liposome active motion is propelled by
enzymatic gas generation, the extent of which is directly
proportional to the substrate concentration, we next examined
movement of HRP-coated Janus liposomes under different
H2O2 concentrations. As shown in Figure 7, a small
enhancement in liposome motion became appreciable in the
presence of 0.01 wt % H2O2. As the concentration increases,
the resultant MSD plots tick upward accordingly. The extent of
increase, however, appears to slow down toward higher

concentrations (3−5% H2O2), which may be due to substrate
saturation.

In terms of enzymatic action, HRP first binds H2O2 with 1:1
stoichiometry to produce a highly oxidizing precursor, which,
upon encountering and oxidizing 2 equiv of a reductant (AH2),
regenerates the enzyme together with water as a coproduct as
follows.44

HRP H O HRP H O2 2 2 2+ · (1)

HRP H O 2AH HRP 2AH H O2 2 2 2· + + +• (2a)

In this sequence, therefore, H2O2 acts as an oxidant. When no
reductant substrates are present in the system, alternatively,
H2O2 will fill in as the reductant in the second step45,46

HRP H O 2H O HRP O 2H O2 2 2 2 2 2· + + + (2b)

In this case, therefore, HRP behaves analogously to catalase,
converting H2O2 to release oxygen and water. It is thus this
alternative pathway by which our liposome motor operates.
Kinetically, the initial HRP/H2O2 binding proceeds quite
facilely (k = 2 × 107 M−1 s−1), whereas an apparent rate
constant of ∼1.8 s−1 was determined directly from oxygen
production for the catalase-like pathway.45 In these steady-
state, solution-based measurements, the speed of oxygen
production was found to increase with higher H2O2
concentrations, reaching saturation at about 40 mM.46

Physiologically, this pathway has been proposed as a defense
mechanism for plants in response to H2O2 burst during
pathogenic attack.
Effect of Janus Ratio on the Activity of Janus

Liposome Micromotors. A unique feature associated with
phase-separated Janus liposomes is their tunable ld-to-lo area
ratio, i.e., Janus ratio, which is accessible through control of
lipid composition as long as it operates within the liquid−
liquid coexistence region defined by the lipid phase diagram.33

Previously, we have shown that the Janus ratio of DOPC/
DPPC/Chol Janus liposomes can be tuned by nearly an order
of magnitude by adjusting the mixing ratio of the three
components.33 Since the relative size of ld domain directly
defines the active, enzyme-coated portion of Janus liposomes,
we next examined whether different Janus ratios directly
impact the mobility of resultant motors.

As shown in Figure S2, MSD plots obtained from ld-major
(DOPC/DPPC/Chol: 50/30/20; Janus ratio: ∼3:1) and ld-
minor (20/50/30; ∼1:3) Janus liposomes appear closely
comparable, both slightly less active than domain-even-split
samples (35/35/30). Such closeness in particle displacement
may result from the same doping level (1 mol %) of biotin-
DOPE in all three samples, which would accommodate same
load of enzymes but with different surface densities. Assuming
comparable gas production per particle among the three
samples, furthermore, geometry considerations favor liposome
motors with a 1:1 Janus ratio: While propulsion only exerts on
a small portion of the particle in ld-minor liposomes, gas
production past the liposome equator, as the case for ld-major
samples, can lead to partial cancelation of propulsion. Taking
the latter scenario to the extreme case�homogeneous
DOPC/Chol liposomes without broken surface symmetry�
such cancellation would then become total (Figure 5d). In line
with the observed results, this interpretation should be taken
with caution, however. Several other complicating factors, such
as variations in liposome size, Janus ratio (within the same
population) as well as secondary modifications caused by

Figure 4. Fast permeation/equilibration of H2O2 across the lipid
bilayer of Janus liposomes. (a) Fluorescence snapshots of Janus
liposomes before/after being treated with H2O2. The effective H2O2
concentration upon homogenization is ∼80 mM. (b) Fluorescence
snapshots of Janus liposomes samples before/after being similarly
treated with ∼24 mM sucrose. Same liposome sample (DPPC/
DOPC/Chol, 35:35:30, with 0.2% Bodipy-Chol and rho-DOPE) was
employed; in both cases, the two frames are taken a few seconds apart.
Scale bar: 50 μm.
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extrusion, may as well even out their differences in motion that
would otherwise be present.
Comparison of Different Types of Janus Liposome

Micromotors. Recently, we reported another liposome motor
system based on asymmetrical lipid efflux.32 As Janus
liposomes of similar lipid composition and size were employed
in both studies, we now move on to a direct comparison of the
two in this last section.

Due to the fundamentally different mechanisms involved,
several distinctive characteristics can be identified between the
two systems: (1) Driving force: The present enzymatic system
is based on gas generation/propulsion, whereas the other
employs lipid extraction/efflux; (2) Fuel location/availability:
The present system uses H2O2 as fuel, which is homogeneously
present in the system. By contrast, the other system uses
cholesterol, which is present only in the liposome bilayer; (3)
Active motion direction. In our enzyme-based system,
liposomes move predominantly in the ld-to-lo direction,
whereas the opposite is true for the other system; (4)
Identity/impact of effectuator(s). In both cases, the level of
fuel present in the system is found to impact liposome active
motion directly and significantly. Of the reaction partner to the

fuel, the effect of enzyme loading remains to be explored,
whereas the level (but not type) of extracting agents was found
to be insignificant in the concentration range tested for the
other system; (5) Effect of Janus ratio. While Janus ratio is
found to be largely unimpactful here, nearly 1-fold difference in
liposome mobility was observed for liposomes of different
Janus ratios under lipid extraction conditions.

■ CONCLUSIONS
We present in this work a new Janus liposome-based
micromotor system propelled by regional enzymatic con-
version and gas generation. A general strategy for local
placement of enzymes is laid out, utilizing domain-specific lipid
sorting together with biotin/avidin affinity binding, which can
be readily extended to many other water-soluble enzymes to
build new liposome micromotors and study other types of
asymmetrical lipid-assembled, enzyme-attached colloids. While
this work serves to demonstrate the feasibility of such strategy
and implementation, further work is clearly needed to address
various practical aspects associated with these motors, such as
their long-term activity and stability. In relation to our recent
work32 on liposome active motion using lipid efflux, moreover,

Figure 5. Mean-square displacement (MSD) plots of Janus liposome movement under either enzymatic conversion or control conditions. In each
case, the light-color traces in the background 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. (a) MSD plots of HRP-ld-attached Janus liposomes in the presence of 1 wt
% H2O2. Liposome composition: 35/35/30 DOPC/DPPC/Chol with additional 1% biotin-DOPE; average liposome size: ∼4.5 μm, n = 638. See
also Video S1 for a representative recording of liposome movement. (b) MSD plots of HRP-ld-attached Janus liposomes in water alone (n = 559;
Video S2). (c) MSD plots of HRP-free Janus liposomes in the presence of 1 wt% H2O2 (n = 494; Video S3). (d) MSD plots of HRP-coated
homogeneous liposomes in the presence of 1 wt% H2O2. Liposome composition: 70/30 DOPC/Chol with additional 1% biotin-DOPE; n = 585
(Video S4).
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this study stresses once again the importance of particle
asymmetry in achieving directional motion and in addition,
displays several distinctive features. Sorting out how these
features can be controlled and their effects maximized, through
fine chemical/structural control of Janus liposomes, is one area
on which our ongoing investigation is focused.

■ EXPERIMENTAL SECTION
Reagents and Materials. All lipids employed in this work,

including 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glyc-
ero-3-phosphoethanolamine-N-(biotinyl) (sodium salt) (biotin-
DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt) (rho-DOPE), and 23-
(dipyrrometheneboron difluoride)-24-norcholesterol (Bodipy-chol),
were products of Avanti Polar Lipids (Alabaster, AL). Other
chemicals, including chloroform, poly(vinyl alcohol) (PVA, MW:
145 000), cholesterol, NeutrAvidin, and horseradish peroxidase
(HRP) conjugated avidin were obtained from Sigma-Aldrich. Alexa
Fluor 488-conjugated avidin was obtained from Thermo Fisher
Scientific. Hydrogen peroxide aqueous solutions (30 wt %) were from
Macron Fine Chemicals; thermally curable poly(dimethylsiloxane)
(PDMS) kits were from Dow Corning Co. Deionized (DI) water of
18.2 MΩ·cm (Millipore) was used throughout this work.
Liposome Preparation. Janus as well as homogeneous liposomes

were prepared via gel-assisted hydration as detailed previously.33

Briefly, dry PVA films were first prepared by spreading drops of a PVA
aqueous solution (5 wt%) on precleaned glass slides, followed by
drying on a 50 °C hotplate for 0.5 h. On such dry PVA films, lipid
stacks were then deposited by spreading small quantities of lipid
precursors followed by overnight vacuum drying at room temperature.
All lipid precursors used in this work were prepared in chloroform
with a total lipid concentration of 5 mM, and for liposome samples
intended for motor testing, in addition contain 1 mol % biotin-DOPE.
Unless otherwise specified, the lipid precursors also include 0.2 mol %
Bodipy-Chol (for the lo phase) and rho-DOPE (ld) each as lipid phase
indicators. To yield liposomes, finally, such dried lipid films were
hydrated in DI water at 45 °C for either 1 h (biotin-free samples) or 2
h (all samples containing biotin-DOPE). Liposome samples thus
prepared appear stable for at least several months (Figure S3) when
stored at 4 °C in the dark.

The size-controlled liposomes were prepared by extruding the
above-prepared hydration liposome samples one round through a
plunger-based lipid extruder (Mini-Extruder, Avanti Polar Lipids)
furnished with polycarbonate filter membranes containing track-
etched pores of 5-μm nominal diameter (Whatman Nuclepore, GE
Healthcare). This extrusion procedure was found to be effective in
screening out larger-sized liposomes without significantly disrupting
the intended Janus configuration in liposomes (Figure S4). For
enzyme-coated liposome samples, this extrusion step was performed
after the enzyme/liposome conjugation (see next section). The
reported size of these liposomes was determined by the “Analyze
Particles” function in ImageJ (version: 2.00-rc-69/1.52n).
Liposome Motor Assembly. Liposome motors were assembled

through conjugation between biotin-DOPE-doped liposomes and
HRP conjugated with avidin (HRP-avidin). To facilitate binding, a
desired volume of HRP-avidin stock solution (0.5 μM in DI water)
was pipetted into a 1-mL freshly prepared liposome solution with its
effective biotin-DOPE concentration maintained at ∼25 nM. Unless
otherwise specified, the biotin/avidin binding ratio was kept at 5:1
biotin to HRP-avidin. To facilitate binding, the resulting mixture was
first briefly vortexed and then incubated in the dark at 4 °C for 1 h. In
the final step, the size of these enzyme-conjugated liposome samples
was similarly controlled via one-round extrusion through 5-μm-pore
polycarbonate membranes. These avidin-coated liposome samples are
found to be stable typically for a week, beyond which significant
liposome aggregation becomes evident. To maintain enzyme activity
and ensure run-to-run reproducibility, we thus chose to test and
monitor the movement of these enzyme-decorated liposome samples
typically within the same day of their assembly.

In a related task, another form of avidin, Alexa Fluor 488-labeled
avidin, was also employed to fluorescently locate biotin-DOPE in
Janus liposomes and determine the optimal avidin/biotin binding
ratio in the assembly of liposome motors. To do so, a desired volume
of fluorescent-labeled avidin stock solution (0.5 μM in DI water) was
pipetted into a 1-mL liposome solution with its final biotin-DOPE

Figure 6. Trajectories of liposome movement under enzymatic
conversion conditions and their direction relative to the initial
orientation of Janus liposomes. (a) Representative trajectories of
HRP-ld-attached Janus liposomes in the presence of 1 wt% H2O2.
Liposome composition: 35/35/30 DOPC/DPPC/Chol with addi-
tional 1% biotin-DOPE; average liposome size: ∼4.5 μm. (b)
Representative trajectories of HRP-free Janus liposomes in the
presence of 1 wt% H2O2. (c) Representative trajectories of HRP-
attached homogeneous DOPC/Chol liposomes in 1 wt% H2O2. In
each case, a gray box of 200 × 200 μm2 is given as size reference. (d)
Histogram of trajectory development vs Janus liposome initial
orientation of sample in (a): forward (F, with liposome’s lo domain
as the front), backward (B), sideway (S, which is defined to include
trajectories whose initial steps fall within ∼±15° range relative to the
phase boundary of a Janus liposome on either side), immobile (Im)
and undetermined (Un) particles; n = 555.

Figure 7. Effect of H2O2 concentration on Janus liposome movement
under enzymatic conversion conditions. In each case, HRP-ld-attached
Janus liposomes consisting of 35:35:30 DOPC/DPPC/Chol and 1%
biotin-DOPE were used; average liposome size: ∼4.5 μm. The H2O2
concentration was varied from 0 to 5 wt%.
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concentration held at ∼25 nM. The resulting mixture was briefly
vortexed and then incubated in the dark at 4 °C for 2 h.
Liposome Movement Tracking and Trajectory Analysis.

Fluorescence images of liposomes and video recordings of liposome
movement were acquired on a Nikon A1+/MP confocal scanning
laser microscope (Nikon Instruments, Melville, NY) using 10× or
20× objectives and excitation laser lines at 488 and 561 nm; the
corresponding emission filters are at 525 ± 25 and 595 ± 25 nm,
respectively. Using this setup, we monitor liposome movement
fluorescently in transparent linear microfluidic channels (dimensions:
200 μm × 200 μm × 18 mm; product model: thinXXS 100182, Cole-
Parmer). Prior to their use, these microchannel slides were thoroughly
cleaned by sonication for 30 min each in methanol and then DI water;
residual solvents were blow-dried with nitrogen. To start fluorescence
recording, dilute liposome samples suspended in either DI water or
aqueous H2O2 solutions were first pipetted into the microchannels
and subsequently sealed off from the surrounding at the two inlets
with parafilm to obtain fluid quiescence inside the channel. To avoid
channel wall-associated motion complications and ensure run-to-run
consistency, only liposomes near the center of microchannels, i.e.,
∼100 μm away from the channel sides and floor/ceiling, are followed
and recorded. Throughout this work, fluorescence videos (in .avi)
were recorded at 512 × 512 pixel resolution at 1 frame/s.

Trajectories of liposomes are obtained by analyzing particle
movement fluorescence videos using TrackMate, an ImageJ plug-in
for single-particle tracking and analysis. The trajectory files (in .xml)
thus obtained were then imported into MATLAB to calculate the
mean-square displacement (MSD) of particle movement following a
published protocol.47 To ensure data convergence and obtain robust
ensemble-averaged values,32,48 we typically analyze >500 liposomes
for each sample to obtain the ensemble-averaged MSD plot.
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