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CHEMISTRY

Rotary biomolecular motor-powered supramolecular
colloidal motor

Jun Liu’, Yingjie Wu'#, Yue Li’, Ling Yang?, Hao Wu?#*, Qiang He"?*

Cells orchestrate the motion and force of hundreds of protein motors to perform various mechanical tasks over
multiple length scales. However, engineering active biomimetic materials from protein motors that consume
energy to propel continuous motion of micrometer-sized assembling systems remains challenging. Here, we
report rotary biomolecular motor-powered supramolecular (RBMS) colloidal motors that are hierarchically as-
sembled from a purified chromatophore membrane containing FoF;-ATP synthase molecular motors, and an
assembled polyelectrolyte microcapsule. The micro-sized RBMS motor with asymmetric distribution of FoF;-
ATPases can autonomously move under light illumination and is collectively powered by hundreds of rotary
biomolecular motors. The propulsive mechanism is that a transmembrane proton gradient generated by a pho-
tochemical reaction drives FoF;-ATPases to rotate for ATP biosynthesis, which creates a local chemical field for
self-diffusiophoretic force. Such an active supramolecular architecture endowed with motility and biosynthesis
offers a promising platform for intelligent colloidal motors resembling the propulsive units in swimming
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bacteria.

INTRODUCTION
Motility and biosynthesis are the two most indispensably inherent
characteristics of living cells, manifesting substantial migration ca-
pability for growth, division, and development. In cells, different
suborganelles, biomacromolecules, and molecular complexes ac-
tively interact with their environments by efficiently transforming
and transferring materials, information, and energy in the coordi-
nated form to produce self-adaptive motions capable of performing
complex biological functions (I, 2). Different kinds of active protein
molecular machines play a key role in these basic biological process-
es through the consumption of adenosine triphosphate (ATP) (3).
ATP is the main energy currency of the cell, which is produced by a
rotary biomolecular motor protein, FoF;-ATP synthase [i.e., FoF;—
adenosine triphosphatase (ATPase)] (4). The structure and work
mechanism of FoF;-ATPase have been revealed experimentally
and theoretically. In addition, the reconstitution of FoF;-ATPase
on the cell-mimic polymer multilayer microcapsules has been per-
formed, in which ATPase retains its biological activity (5). These
FoF;-ATPase—functionalized polymer capsules can serve as an ex-
cellent model to study the synthesis and regulation of ATP on
demand. On the other hand, the nanometer-sized motor proteins
can generate a force at the level of piconewtons, and their collective
action can be amplified up to kilonewtons so that complex biolog-
ical functions such as muscle contraction and intracellular material
transport can be realized (6). Given that the assembled FoF;-
ATPase motor proteins on the polymer microcapsules should also
generate a mechanical action or even directional motion of those
microcapsules to better mimic the cellular function, however, it is
still not reported yet.

Chemically powered colloidal motors capable of converting the
stored chemical energy in the surrounding environments into
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mechanical motion (7-9) have received increasing attentions
because of their promising applicability in many fields such as
active target delivery (10-15), biosensing (16—18), and environment
remediation (19-21). In particular, chemical self-assembly allows
the incorporation of a variety of natural or synthetic polymers,
enzymes, nanoparticles, and other biocompatible and degradable
building blocks into the supramolecular assembles, which can
endow the colloidal motors with cell-like structures and functions
(22-29). Actually, supramolecular colloidal motors have been con-
sidered as one type of ideal candidates for cellular mimic models
and also have a great potential for biomedical applications.
However, the development of supramolecular colloidal motors is
currently restricted by the inherent toxicity of the used chemical
fuels, their unavailability within the living organisms, and the pro-
pulsion efficiency. Hence, engineering a motor protein-integrated
supramolecular motor powered by biofuels widely available from
the organism with controllable self-actuation remains a highly non-
trivial challenge.

Here, we present a rotary biomolecular motor-powered supra-
molecular (RBMS) colloidal motor fabricated by a combination of
the templated-assisted layer-by-layer self-assembly with a vesicle
fusion method. The natural vesicles containing FoF;-ATPases and
chromatophores are separated from a kind of photosynthetic bacte-
ria and then assembled on the surface of polyelectrolyte multilayer
microcapsules to produce RBMS motors with asymmetric distribu-
tion of FoF;-ATPases. Under light illumination, the embedded
chromophores are activated to catalyze a photochemical reaction
and thus generate a proton gradient across the natural mem-
brane-functionalized polymer microcapsules. The proton gradient
results in movement of protons through the transmembrane
channel Fo of FoF;-ATPase on the as-prepared RBMS colloidal
motors, which drives the clockwise rotation of FoF;-ATPase to syn-
thesize ATP from the substrates, adenosine diphosphate (ADP) and
inorganic phosphate (PO,’7; Pi). The rotation of FoF;-ATPases can
collectively drive these as-assembled RBMS colloidal motors to au-
tonomously swim, and their speed is dependent on the power of
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light irradiation, substrate concentration, and the light wave-
length used.

RESULTS

Preparation and characterization of RBMS colloidal motors
The RBMS colloidal motors were synthesized as schematically illus-
trated in Fig. 1. Briefly, the chromatophore vesicles containing
FoF;-ATPase molecular motors were obtained from the cytoplas-
mic membrane of photosynthetic bacteria Rhodobacter sphaeroides
by ultrasonication and ultracentrifuge at different centrifugal forces,
following by sucrose concentration gradient centrifugation for pu-
rification. Second, five bilayers of negatively charged poly(styrene-
sulfonate) sodium (PSS) and positively charged poly(allylamine
hydrochloride) (PAH) were alternately assembled on the surface
of 3-pm silica particles via a layer-by-layer self-assembly technique
according to a previous report (30). The (PSS/PAH); microcapsules
with the outermost layer of PAH were prepared by removal of silica
cores with hydrofluoric acid (HF). Third, chromatophore vesicles
were coincubated with monodispersed (PSS/PAH)s capsules at
pH 6.5 so that the vesicles were fused on the surface of the micro-
capsules by electrostatic interaction and osmotic pressure to obtain
the RBMS colloidal motors. Scanning electron microscopy (SEM)
and dynamic light scattering (DLS) were performed to characterize
the cultured R. sphaeroides. Figure S1 shows that mature bacteria
were approximately spherical and had a tightly distributed average
diameter of 1 um, in agreement with the literature report (31). The
confocal laser scanning microscopy (CLSM) image in Fig. 2A dis-
plays that the as-separated chromatophore vesicles with strong
green fluorescence at an excitation wavelength of 488 nm were
monodispersed. The inset transmission electron microscopy
(TEM) image in Fig. 2A exhibits a closed and collapsed structure
of the chromatophore vesicle. The atomic force microscopy
(AFM) image (Fig. 2B) shows that the thickness of the dried chro-
matophore vesicle was about 10 nm, corresponding to a lipid bilayer
thickness of around 5 nm. The hydrodynamic diameter of the chro-
matophore vesicles was about 110 + 2.02 nm according to the DLS
measurement (Fig. 2C). These results demonstrate the successful
separation of the chromatophore vesicles with an average diameter
of 100 nm.
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In addition, the SEM images of the dried (PSS/PAH); microcap-
sules exhibit a well-defined hollow and folded structures (fig. S2A).
By adding 1% rhodamine-labeled PAH as assembling components,
the red fluorescence circles appear on the shell of the microcapsules
in water when excited at 532 nm, implying the structural integrity of
the hollow microcapsules (fig. S2B). The ultraviolet (UV)-visible
(vis)—near infrared (NIR) absorption spectra (Fig. 2D) reveal that
the chromatophore vesicles exhibited seven characteristic absorp-
tion peaks at 375, 447, 475, 508, 590, 800, and 850 nm ranging
from the UV to NIR regions due to the presence of bacteriochloro-
phylls and carotenoid pigments (32). In addition, the surface poten-
tial analysis was conducted to monitor the assembly process of
RBMS colloidal motors (Fig. 2E). The initial surface potential of
the chromatophore vesicles and the as-assembled (PSS/PAH); cap-
sules with the outermost layer of a positively charged PAH
were —35.2 and +8.12 mV, respectively. After fusion of the chro-
matophore vesicles on the (PSS/PAH); capsules, the surface poten-
tial of as-prepared RBMS motors was changed to —29.9 mV. The
SEM images of the dried RBMS colloidal motors in Fig. 2F had a
similar hollow and folded structure with the dried (PSS/PAH)5 mi-
crocapsules. Furthermore, the AFM images of the dried RBMS
motors (Fig. 2G) and (PSS/PAH)s capsules (fig. S2C) show that
the surface roughness of RBMS motors became higher after the
fusion of the chromatophore vesicles. Accordingly, the wall thick-
ness of the dried RBMS motors increased to ~5 nm compared to
(PSS/PAH); capsules, corresponding to a lipid bilayer thickness
of the chromatophore vesicles (33). From the selected square area
in Fig. 2G, the enlarged AFM image at the upper shows a protrusion
of the chromatophore lipid surface on the RBMS motor (Fig. 2H).
The height is about 11 nm higher than the protein-enriched lipid
membrane, corresponding to the height value of FoF;-ATPase pro-
truded from the lipid layer (34). In addition, this result is also
similar to the previous AFM measurements of FoF;-ATPase in
native chromatophore vesicles (35). It thus provides a direct obser-
vation that FoF;-ATPase has been successfully assembled onto the
RBMS motor. Given the intrinsic characteristic absorption of the
assembled chromatophore membranes, the CLSM image shows
the continuous green fluorescence over the RBMS motors at an ex-
citation wavelength of 488 nm (36). Moreover, the fluorescence in-
tensity of the shell of the RBMS colloid motors was
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Fig. 1. Schematic illustration of the hierarchical assembly of RBMS colloidal motors. (1) Isolation of chromatophore vesicles from R. sphaeroides. (Il) Preparation of
(PSS/PAH)s microcapsules via a template-assisted layer-by-layer self-assembly strategy. (Ill) The RBMS colloidal motor was obtained by fusion of chromatophore vesicles
on the (PSS/PAH)s microcapsules.
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Fig. 2. The characterization of RBMS colloidal motors. (A and B) CLSM and AFM images of an isolated chromatophore vesicle. The inset is a TEM image of vesicles. (C)
Size distribution of the chromatophore vesicles. (D) UV-vis-NIR absorption spectra of chromatophore vesicles, (PSS/PAH)s capsules, and RBMS motors. (E) Zeta potential of
different samples. (F) SEM image of RBMS motors in a dried state. The inset is an enlarged image. (G) AFM image of an RBMS colloidal motor and the corresponding height
profile for an indicated area. (H) Enlarged AFM image of the selected square area in (G) with FoF;-ATPase in the top panel. Inset: Two profiles showing the height of FoF;-
ATPase, 11.2 £ 0.15 nm and 11.8 £ 0.12 nm. (I) CLSM image of RBMS motors at an excitation wavelength of 488 nm. The inset is a corresponding 3D CLSM image of

florescence intensity of an RBMS colloidal motor.

inhomogeneously distributed as shown in Fig. 2I, which was further
confirmed by the corresponding three-dimensional (3D) CLSM
image of florescence intensity in the inset, representing the asym-
metric distribution of chromatophore proteins and FoF,-ATPase
molecular motors on the surface membrane of the RBMS motors.
In this case, one side of our RBMS motor enriched FoF,-ATPase
protein motors, which may be regarded as a classical Janus colloidal
motor. Together, the RBMS colloidal motors with an asymmetrical
distribution of FoF,-ATPase protein molecular motors and chro-
matophores were successfully obtained.

Given that the F; parts of rotary FoF;-ATPase protein molecular
motors in the natural chromatophore vesicles extend outward, the
orientation of FoF,-ATPases in the as-assembled RBMS colloidal
motors is critically important for their self-propulsion. Our previ-
ous studies have demonstrated that the spreading process of lipo-
somes on the surface of soft polyelectrolyte multilayers with the
top surface of a positively charged polyelectrolyte follows a “para-
chute” fusion mechanism as illustrated in fig. S3 (37, 38). Upon
chromatophore vesicles spreading on the (PSS/PAH)s microcapsule
with the outermost layer of PAH according to this parachute model,
it results in well-defined lipid bilayers with both the outside-up and
inside-up oriented FoF;-ATPases. The ratio between inner and
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outer leaflets of lipid bilayers could be calculated by tan’(6/2),
where 0 is the contact angle between the surface of the vesicle and
that of the microcapsule. The contact angle was estimated to be
about 50°, indicating the formation of lipid bilayer with about
40% inner leaflet and 60% outer leaflet in the original segments
facing upward orientation (38). According to the surface area
ratio between a vesicle and a microcapsule, it was calculated to be
~900 vesicles with a diameter of 110 nm for the full coverage of lipid
bilayers on each (PSS/PAH)s microcapsule with an average diame-
ter of 3 um. Because of approximately one FoF,-ATPase protein per
chromatophore vesicle (31), it is supposed that three-fifths of the
assembled FoF,-ATPases (i.e., 540) should orientate outward.

Motion and analysis of RBMS motors

To propel the RBMS colloidal motors with the asymmetric distribu-
tion of FoF;-ATPases, light illumination was used to trigger the
generation of proton gradients and then the ATP synthesis was cat-
alyzed by the assembled FoF;-ATPases as schematically illustrated
in Fig. 3A. Note that four different excitation wavelengths (365, 488,
543, and 850 nm) were selected due to the wide characteristic ab-
sorption of chromatophores ranging from UV to NIR regions.
The typical trajectories of RBMS motors are shown in Fig. 3B,
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Fig. 3. Autonomous motion behavior of the RBMS motor. (A) Schematic illustration of the motion of an RBMS colloidal motor. Under light illumination, a transmem-
brane proton gradient is generated to drive ATPase molecular motors to synthesize ATP from ADP and Pi. (B) Movement trajectories of RBMS colloidal motors under 1 W/
cm? at different wavelengths of light over 10 s. (C and D) MSD versus time interval and diffusion coefficient of RBMS colloidal motors at 1 W/cm? of the UV light (/\), blue
light ((J), green light (\/), and NIR light (O) over 9 s. (E) MSD versus time interval of the RBMS colloidal motors at different NIR light irradiances over 9 s. Here, the relevant
diffusion exponents are 1.00 (0 W/cm?, [J), 1.21 (0.25 W/cm?, ), 1.36 (0.6 W/ecm?, /\), 1.47 (0.8 W/cm?, /), and 1.66 (1.0 W/cm?, O), respectively. (F) Relative speed
increment and the diffusion coefficient (inset) of RBMS colloidal motors at different NIR light irradiances over 9 s.

captured from movie S1, under light irradiation at a power of 1 W/
cm?® over 10 s. Given that the refractive index of two faces of the
RBMS motors is almost identical, it is difficult to distinguish
between active face and passive face under an optical microscope
like those metal-coated Janus motors. To verify the direction of
motion, an Au-coated Janus RBMS motor with a diameter of 3
pum was used as illustrated in fig. S4. Here, the Au side served as
the passive face, and the chromatophore vesicles were assembled
onto the other side as the active face. It can be found that the direc-
tion of motion of Janus RBMS motors is opposite to the active face.
Hence, by analogy with that of Au-coated Janus RBMS motors, it is
supposed that our RBMS motors moved along the direction from
the active face to the passive face.

Different trajectory lengths of the RBMS motors reflect their
propulsion abilities under various lights. Then, the mean square
displacement (MSD) versus time was used to study the enhanced
motion of RBMS motors governed by the equation

2.2

MSD = 4DA¢ 4+ V% [Z—At+ e — 1] oc A

2 TR
with the diffusion coefficient D, the time interval At, the rotational
time Ty, the RBMS motor's propulsion speed V, and the anomalous
diffusion exponent a (39, 40). The MSD curves in Fig. 3C display
light irradiance-dependent anomalous diffusion, whose diffusion
exponents are 1.48 (365 nm), 1.29 (488 nm), 1.43 (543 nm), and
1.66 (850 nm), respectively (fig. S5A). It exhibits the environ-
ment-dependent motion abilities of RBMS colloidal motors.
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Similarly, Fig. 3D shows the highest effective diffusion coefficient
D.gr (corresponding to Deg = D + i V21R) of the RBMS motors
under illumination of 850 nm, corresponding to the fastest speed
of about 1.41 um/s (fig. S5B). We further considered the influence
of light irradiance at 850 nm on the motion of the RBMS motors.
The trajectories (fig. S6A, taken from movie S2) and the corre-
sponding MSD versus time interval (fig. S6B) of the RBMS
motors suggest the increasing motion ability with the enhanced in-
tensity of 850-nm light irradiance. Particularly, the relevant diffu-
sion exponents in Fig. 3E were 1.00 (0 W/cm?), 1.21 (0.25 W/
cm?), 1.36 (0.6 W/cm?), 1.47 (0.8 W/cm?), and 1.66 (1.0 W/cm?),
respectively, suggesting a light irradiance-dependent nonlinear be-
havior from Brownian diffusion to active enhanced diffusion. To
quantitatively characterize the speed increment with the intensity
of light irradiance, a dimensionless relative speed increment AV
is defined as AV* = (V, — V) /Vp, where V, is the self-propelled
speed of an RBMS motor and Vy is its Brownian motion speed. AV
as a function of light irradiance was plotted, where AV increased
up to 1.02 at 1 W/cm? of light irradiance and the corresponding ef-
fective diffusion coefficient was 0.38 um/s* (the inset in Fig. 3F).
These results display that the increasing intensity of light irradiance
could efficiently enhance the directional propulsion of RBMS
motors. Totally, the RBMS colloidal motors with an asymmetric
distribution of FoF;-ATPases and chromatophore proteins could
autonomously move under light illumination with different wave-
lengths ranging from UV to NIR. The RBMS motors exhibit the
highest speed under exposure of 850-nm NIR light, and their
speed may be regulated by changing the intensity of light irradiance.
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It is worth noting that in our case, the effect of the hydrodynamic
flow became unimportant because the Reynolds number Re is about
107>, Golestanian ef al. (41) theoretically predicted that the molec-
ular machines should produce a diffusiophoretic force equivalent of
the jet engine by releasing asymmetrically the reaction products in
fluids, instead of acquiring an inertial force by expelling the exhaust.
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ATP biosynthetic of RBMS motors

To gain further molecular origin of the light-activated propulsion
mechanism, the photochemical reaction occurring on the surface
of the RBMS colloidal motors was first examined. As mentioned
above, the chromatophore membranes on the topmost of the
RBMS motors contained various light-harvesting protein complex-
es (e.g., LH 2 and LH 1). As illustrated in Fig. 4A, the excitation
energy under light illumination was transferred to the reaction
center (RC) to reduce quinone (Q) to hydroquinone (QH,) by
light-induced charge separation across the membranes. Then, elec-
trons were shuttled back by the cytochrome cy** from the cyto-
chrome bcl to the RC, accompanied by the proton transfer. The

Electron transfer chain  Proton transfer chain

¢ 8
H
H H

transmembrane proton gradient was thus generated, and then the
proton flows drove the synthesis of ATP by the embedded FoF,-
ATPases in the presence ADP and PO, (42). Considering the
exact value of the stoichiometric numbers for ADP, Pi, and ATP,
the chemical equation is proposed as follows (34). It is worthy to
note that the synthesis of one ATP molecule catalyzed by FoF;-
ATPases still requires three protons besides ADP and Pi as indicated
in the chemical equation.

The photocurrent detection was also conducted to explore the
occurrence of the photochemical reaction on the RBMS motors as
shown in Fig. 4B. By comparison to the bare microcapsules, the
photocurrent of both the chromatophore vesicles and RBMS
motors could be observed under light illumination. The photocur-
rent sign repeatedly appeared when light was turned on or off, sug-
gesting that the photo-induced electron activity of the RBMS
motors fully comes from the embedded chromatophore proteins.
In addition, the ATP content during the photocatalytic process
was quantified using high-performance liquid chromatography
(HPLC). As shown in Fig. 4C, ATP was produced under light illu-
mination with four wavelengths (365, 488, 543, and 850 nm) and the
maximum ATP content was 1.82 uM under 850-nm light exposure
for 5 min. The highest ATP production rate was 0.36 M min~", in
agreement with the fastest speed under 850-nm light as mentioned
above. Next, the dependence of FoF;-ATPase—catalyzed ATP pro-
duction on the input power of 850-nm light was investigated.
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Fig. 4. Photosynthetic activity of RBMS motors. (A) Schematic representation of the photophosphorylation process for RBMS colloidal motors. In the presence of light,
a photoinduced cyclic electron transport accompanied by transmembrane proton translocation is established and then ATPase converts ADP into ATP via phosphory-
lation. (B) Photocurrent-time curve of microcapsule, vesicle, and RBMS motor with cyclic “on” and “off” xenon lamp light. (C) Average ATP production and relevant
production rate of the RBMS motors under 1 W/cm? UV, blue, green, and NIR light for 5 min. (D) NIR light intensity-dependent ATP synthesis and ATP-producing
rate by RBMS colloidal motors for 5 min of illumination. (E) ATP synthesis catalyzed by RBMS colloidal motors as a function of the reaction time under 1 W/cm? NIR

light and a control experiment in the dark.
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Figure 4D shows the rapid increase of ATP content with the en-
hanced light intensity. Particularly, the ATP production of the
RBMS motors was 1.82 uM at 1.0 W/cm®, whereas the ATP
content at 0 W/cm® was about 0.08 uM, approaching zero. In addi-
tion, the ATP production gradually increased with the illumination
time in 40 min and then slowly went up (Fig. 4E). The correspond-
ing ATP production rate slowed down with the elongated illumina-
tion time after 5 min due to the product inhibition and a loss of
photosynthetic activity (fig. S7). Given that the transmembrane
proton gradient determined the ATP production rate, we measured
the time-dependent internal pH changes. With the illumination
time increasing, the fluorescence intensity at 405 and 453 nm
changed gradually, whereas the fluorescence intensity remained
almost constant without light irradiation (fig. S8, A and B). The cal-
culated pH values decreased rapidly in 20 min, following a slow re-
duction. By comparison, the pH values were barely unchanged in
the absence of light (fig. S8C). This result is in good agreement
with the change of ATP production rate, suggesting the ATP biosyn-
thesis driven by the continuous transmembrane proton flow. Fur-
thermore, the typical ATP production rate is up to ~100 ATP s~ per
FoF,;-ATPase from the chromatophore vesicles according to a pre-
vious report (31). In this case, the number of the outward-orientat-
ed FoF,-ATPases was calculated to be about 1.1 x 10'° in the
detection volume of 300 pl. Considering that the loss amount
during the assembly process was about 20%, the number of as-pre-
pared (PSS/PAH)s microcapsules was about 6 x 107 (the concentra-
tion of SiO, templates was 50 mg/ml, and the detection volume was
50 pl). Consequently, about 183 of FoF,;-ATPases with outward ori-
entation were assembled on each (PSS/PAH); microcapsule, which
could collectively propel the RBMS colloidal motors. Note that the
experimental value was smaller than the theoretical maximum value
because the chromatophore membranes spreading on the (PSS/
PAH);s microcapsules were not highly condensed and the distribu-
tion of FoF,-ATPases was random. Overall, these results demon-
strate the occurrence of the photophosphorylation process on the
surface of the RBMS colloidal motors and the subsequent ATP pro-
duction upon light irradiation. The transmembrane protons could
be fully used for the FoF,-ATPase—catalyzed synthesis of ATP from
ADP, Pi, and H". Hence, the resulting proton concentration gradi-
ent around FoF,-ATPases could be neglected, and thus, the contri-
bution of proton concentration gradient on the self-propulsion of
RBMS motors was excluded.

Propulsive mechanism of RBMS motors

On the other hand, the substrate Pi has little effect on the photo-
phosphorylation process unless at a high concentration (43), so
only the influence of various ADP concentrations on the self-pro-
pulsion of RBMS motors under 850-nm light irradiance at 1 W/cm?
was considered. The MSD versus time intervals of the RBMS motors
in Fig. 5A show an ADP concentration—dependent nonlinear diffu-
sion behavior, whose diffusion exponents are 1.00 (0 mM ADP),
1.25 (0.1 mM ADP), 1.52 (0.5 mM ADP), 1.66 (1.0 mM ADP),
and 1.59 (5.0 mM ADP), respectively (fig. S9A). Figure 5B displays
that the effective diffusion coefficient D¢ gradually improved with
the increasing ADP concentrations and reached a maximum value
of 0.39 um*/s in 1 mM ADP. Similarly, the self-propelled speed of
the RBMS motors was enhanced from 0.73 um/s at 0 mM ADP to
1.41 um/s in 1 mM ADP, but decreased to 1.21 um/s in 5 mM ADP.
Accordingly, the ATP production rate of the RBMS motors in 1 mM
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ADP was higher than those under other concentrations, indicating
that the ATP synthesis reached a saturated state (fig. S9B). In con-
trast, the excess of ADP substrates inhibited the enzymatic activity
of FoF,-ATPases (43), thus slowing down the active diffusion of the
RBMS motors above 1 mM ADP. Furthermore, we examined the
self-propulsion of the RBMS motors with or without the assembled
chromatophore vesicles, ADP, Mg**, and PO,’>~ under 850-nm il-
lumination at 1 W/cm?®. As shown in Fig. 5C, the MSD curves of the
RBMS motors indicate that the RBMS motors exhibited different
diffusion behaviors under different reaction conditions. The diffu-
sion exponents of RBMS motors in the absence of chromatophore,
ADP, Mg**, PO3’, and the complete reaction conditions were 1.00,
1.11, 1.33, 1.09, and 1.66, respectively (fig. S10A). The effective dif-
fusion coefficient and speed of RBMS motors in the incomplete re-
action systems were much smaller than those of intact RBMS motor
system, as shown in Fig. 5D. In addition, we found that the ATP
biosynthesis is strongly dependent on FoF;-ATPase, light-induced
proton gradient, substrate ADP and PO,>~, as well as Mg”" for ac-
tivating enzymes (fig. S10B). All of these results demonstrate that
the motion of RBMS motors mainly originates from the local con-
centration gradient of reactants and products caused by ATP bio-
synthesis, whereas the transported protons across the membrane
are almost consumed in the ATP synthesis, and thus, a direct con-
tribution of proton concentration gradient on the motion could be
neglected. Moreover, the numerical simulation result indicates that
the local concentration gradient of the reactant ADP is formed in
the vicinity of the RBMS motor induced by the asymmetric ATP
synthesis reaction (Fig. 5E). Last, both the rate of ATP production
and the speed of the RBMS motor synchronously increase with the
enhancing light irradiance as shown in Fig. 5F. Given the maximum
number of ATP formation by FoF;-ATPase, under illumination of
0.25, 0.6, 0.8, and 1.0 W/cm?, the working FoF;-ATPase protein
motors on the surface of an RBMS colloidal motor are estimated
to be at least 8, 60, 100, 130, and 183, respectively. As the light in-
tensity increases, so does the rate of proton generation, resulting in a
large enough proton motive force to drive more ATPase rotation
(44). Note that the proton motive force across the membrane
drives the central stalk, which connects Fg and F, rotating at a
rate of 20 Hz (45). The rotation of the central stalk results in the
conformational change of F, part to synthesize ATP from ADP,
PO,’", and H'. Obviously, the rotation of the central stalk in the
FoF;-ATPase protein motor generates a local fluid flow around
FoF,-ATPase and thus enhances the chemical diffusion. Because
each RBMS motor roughly contains 183 FoF;-ATPases, they can
further accelerate the diffusion of chemicals through their collective
rotation, thus increasing the intensity of the local concentration gra-
dients. In other words, the motion of an RBMS colloidal motor is
collectively powered by FoF;-ATPases involved in the photophos-
phorylation. Together, our findings indicate that the concentration
gradient of the reactants ADP and PO,”~ generated by the collective
rotation of FoF;-ATPase biomolecular motors consuming ADP and
PO,’~ to synthesize ATP results in a self-diffusiophoretic force to
propel the RBMS motors.

DISCUSSION

We have successfully demonstrated a type of cell-mimic FoF;-
ATPase—powered supramolecular Janus colloidal motors and
studied the ATP biosynthesis—dependent self-propulsion by the
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Fig. 5. Motion analysis of RBMS motors under different concentrations of substrate and reaction conditions. (A) MSD versus time interval of RBMS colloidal motors
in various concentrations of ADP solution under 1 W/cm? light at 850 nm for 5 min (Ill, 0 mM ADP; @, 0.1 mM ADP; A, 0.5 mM ADP; ¥, 1 mM ADP; €. 5 MM ADP). (B)
Diffusion coefficient (black) and speed (red) of RBMS motors in different concentrations of ADP. (C) MSD versus time interval of RBMS colloidal motors in no chromato-
phore (CJ), no ADP (A\), no Mg?* (V), no PO,>~ (), and an intact RBMS motor system (O) with 1 W/cm? light at 850 nm for 5 min. (D) Diffusion coefficient (black) and
speed (red) of RBMS colloidal motors in various conditions. Inset: Schematic illustration of the corresponding products at different conditions. (E) Computer simulation of
the local concentration gradient field of the reactant ADP across an RBMS motor induced by the photosynthetic phosphorylation. (F) The speed of the RBMS colloidal
motor and the rate of ATP formation are dependent on the intensity of light irradiance used. Narp represents the number of ATP production per second for each

RBMS motor.

collective rotation of as-assembled FoF,;-ATPases under light irra-
diations. The Janus structure of the RBMS motors was formed by
the fusion of chromatophore vesicles on the (PSS/PAH);5 microcap-
sules through a parachute mechanism, which can control about 60%
of the assembled FoF;-ATPases orientating outward. The average
number of the outward-oriented FoF,-ATPases on each RBMS
motor was calculated on the basis of the content and production
rate of ATP determined by HPLC. The FoF,;-ATPase motor pro-
teins asymmetrically assembled on the microcapsules efficiently
convert natural energy stored in the environments into chemical
energy ATP by metabolic reactions and create a local chemical gra-
dient providing the diffusiophoretic force to propel the colloidal
motors. Because of the wavelength-dependent catalytic activity of
the chromatophore vesicles, the ATP production rate of RBMS
motors could be regulated not only by changing the chemical reac-
tion conditions but also by modulating the external light. Moreover,
because of their adaptability to environments, the speed of the
RBMS motors is highly controllable by tuning light irradiance,
wavelength, and ADP concentration. The appearance of superdiffu-
sion behaviors, whose mean free path is much longer than that of
environmental thermal noise, allows effective directional motion of
RBMS motors. Note that the rotation of FoF,-ATPases occurs in the
2D membrane plane and the size of the central stalks is so small (~1
nm) that the rotation can cause a torque but has negligible effect on
the swimming motion of the RBMS colloidal motors at low Rey-
nolds number. In contrast, bacterial motion is dependent on a
rotary protein motor at its base and the protein flagella. Without

Liu et al., Sci. Adv. 9, eabg3015 (2023) 22 February 2023

long flagella, bacteria cannot swim. Theoretically, if one can
attach artificial flagella onto the  or ¢ subunits as previously report-
ed (46, 47), our RBMS colloidal motors may be directly propelled by
the rotary motion of FoF,-ATPases, like swimming bacteria.

Our work is an innovative exploration, and the framework pro-
posed here provides a prototypical paradigm to use natural protein
motors as the power engine to drive artificial supramolecular colloi-
dal motors and has substantially extended the application scenarios
of conventional colloidal motors. Such biofunction-integrated
RBMS motors hold great potential to provide not only a compre-
hensive construction platform for cell-like autonomous mobile mi-
crodevices but also a promising arena for precision medicine such
as active targeted delivery in the future.

MATERIALS AND METHODS

Materials

Bacteria of R. sphaeroides was purchased from the Chia General Mi-
crobiological Culture Collection Center. The silica spheres with a
diameter of 3 um were obtained from Baseline Chromtech Research
Center, Tianjin, China. PAH [weight-average molecular weight
(M,,) = 50,000], PSS (M,, = 70,000), tetramethylrhodamine isothio-
cyanate, and deoxyribonuclease (DNase) were purchased from
Sigma-Aldrich. Tris-HCI (0.5 M, pH 8.0) was obtained from Bio-
topped, China. Magnesium chloride (MgCl,), citrate, sodium dihy-
drogen phosphate (NaH,PO,), and magnesium sulfate (MgSO.,)
were purchased from Sinopharm Chemical Reagent. Adenosine-
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5'-triphosphoric acid disodium salt (ATP Na,) and ADP were from
Ark Pharm (America) and Klamar (China), respectively. HF was
used as received without further purification. Ultrapure water
with a resistivity of 18.2 megohm-cm was produced with a
Purelab ultrapure water system (EIGA Purelab, UK) for all the
experiments.

Culture of R. sphaeroides

Bacterial cells were grown in 1 liter of medium (pH 6.9 at 34°C) ac-
cording to previous studies (31, 48). Medium 27 should be sterilized
at 121°C for 15 min before use. The cells were cultured in an arti-
ficial climate chamber (MGC-100HP-2L) under anaerobic environ-
ment and 4000 1x light. After 3 days of culture, the solution of the
bacteria assumes a characteristic red brown color, and then three
generations of bacteria were cultured in the medium according to
the above condition.

Isolation of chromatophore vesicles

The isolated chromatophore vesicles were obtained as previously re-
ported with modification (48, 49). The photoheterotrophic culture
of R. sphaeroides was harvested by centrifugation at 4000g for 10
min, and the pellet was washed twice with tris-HCI buffer (10
mM, pH 8.0) and then resuspended and homogenized in 20 ml of
buffer. Few flakes of DNase and 5 mM MgSO, were added. Cells
were lysed by sonication on ice (Branson Sonifier B15, 200 W, 20
min), followed by centrifugation at 6000g for 10 min at 4°C to
obtain the supernatant. The supernatant (vesicles) was further ul-
tracentrifuged at 140,000¢ for 120 min at 4°C, using a Beckman
SW41Ti rotor. Then, the pelleted vesicles were resuspended in
tris-HCI buffer and layered on a discontinuous sucrose gradient
composed of 20, 40, and 60% (w/v) sucrose. After ultracentrifuga-
tion at 110,000g, 4°C for 4 hours, the vesicles at the interface
between the 20 and 40% (w/v) sucrose layer were collected and
diluted by the same volume of buffer. The obtained vesicles were
further washed with buffer using ultracentrifuge at 140,000¢ for
120 min at 4°C. Finally, the vesicles were dispersed in the buffer sol-
ution. The supernatant contains chromatophore vesicles whose
optical density (OD) at 850 nm is typically ~50. If needed, chro-
matophore vesicles can be concentrated by pelleting and
resuspension.

Preparation of (PSS/PAH)s microcapsules

In a typical experiment, (PSS/PAH)s; microcapsules were prepared
by a template-assisted layer-by-layer assembly of polyelectrolyte
layers on the surface of silica as previously described (30). The
SiO, particles with a diameter of 3 pm were first suspended in
PAH solution (2 mg/ml) containing 0.5 M NacCl for shaking for
15 min, followed by three repeated centrifugation/washing steps
to remove the excess polyelectrolytes. Then, the silica particles
were suspended in PSS solution (2 mg/ml) containing 0.5 M
NaCl for 15 min under continuous shaking and washing three
times using 0.5 M NaCl. The (PSS/PAH)s multilayer polyelectro-
lytes-adsorbed silica particles were prepared by repeating the
above deposition procedure, and the outer layer was PAH. Last,
the silica cores were removed by treatment with 3 M H solution.
The (PSS/PAH)s microcapsules were purified by the three centrifu-
gation/water washing steps. All obtained capsule solutions were
stored at 4°C.

Liu et al., Sci. Adv. 9, eabg3015 (2023) 22 February 2023

Fabrication of supramolecular colloidal motors

The isolated chromatophore vesicles and (PSS/PAH)5 microcap-
sules were coincubated in the tris-HCI buffer at pH 6.5 for
shaking for 30 min and kept in an ice bath. Then, the obtained col-
loidal motors were centrifuged and washed three times with the
buffer to remove the remaining vesicles.

Characterization

SEM images were conducted with Hitachi S-5200 (Japan). TEM
image was recorded by JEM 1400 (Japan), and CLSM images were
taken with Zeiss LSM880 (Germany). The zeta potential and hydro-
dynamic diameters were measured by DLS using Malvern Zetasizer
Nano S (UK). A UV-vis spectrophotometer (Shimadzu UV2600/
2700) was used to characterize the UV-vis-NIR absorption peak
of samples. ATP content was measured by HPLC using UltiMate
E3000 (The Netherlands).

Motion measurement

The trajectories of micromotors were recorded with an Olympus
BX53 fluorescence microscope (20x or 40x objective). Briefly, the
RBMS colloidal motors were mixed with the reaction buffer and
then dropped on a hydrophilic glass slide. The light-emitting
diode (LED) light source with various wavelengths and an adjust-
able input power was irradiated from ~6 mm at the top of the
sample. The light beam is circular with a radius of 3 mm. Optical
videos were recorded with a frame rate of 30 frames per second. The
trajectories of particles were analyzed by using the software Image].

ATP biosynthesis

Typically, 3 ml of RBMS colloidal motors was added into 3 ml of the
reaction buffer solution (pH 8.0, 20 mM tris-HCl, 10 mM
NaH,PO,, 5 mM citrate, 10 mM MgCl,, and 2 mM ADP) and
mixed thoroughly. The final concentration of vesicles was at
OD = 10. The light source is LED light with adjustable wavelength.
A 300-pl aliquot was taken from each of the reaction systems using
the HPLC method to quantify the amount of ATP.
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