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Abstract: Multicompartment, spherical microcontainers
were engineered through a layer-by-layer polyelectrolyte
deposition around a fluorescent core while integrating
a ruthenium polyoxometalate (Ru,POM), as molecular
motor, vis-a-vis its oxygenic, propeller effect, fuelled upon
H,O, decomposition. The resulting chemomechanical
system, with average speeds of up to 25 ums™', is amena-
ble for integration into a microfluidic set-up for mixing
and displacement of liquids, whereby the propulsion force
and the resulting velocity regime can be modulated upon

H,0,-controlled addition.
/

-

The transduction of chemical energy into mechanical motion
has a major appeal in terms of powering nano-to-microscale
systems, or part of them, with molecular control.”” The core
concept is the role of the so-called functional actuators, that is,
chemical systems that respond to reagents/stimuli at the mo-
lecular level (input) and produce a mechanical effect (output),
propagating from the molecular to the macroscale, while ex-
hibiting high specificity, long-range operation, and reversibility.
Chemomechanical strategies are known to play a key role in
natural machineries and often involve enzymatic processes as
functional actuators.””! Enzymes have also been applied under
artificial environments as catalytic chemomechanical actuators.
In particular, the oxygenic activity of natural catalases can
induce self-propulsion of synthetic objects using H,O, as
chemical fuel. Catalase enzymes effect H,0, disproportionation
(2H,0,4—2H,0(+0,), liberating nascent oxygen gas with
a resulting propulsion effect. Autonomous movement of nano/
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microobjects can thus be triggered by tailored bioconjugates,
integrating such oxygenic enzymes.”’ With a similar approach,
catalase mimetics (based on dimanganese(ll) complexes,” met-
allic P, or Ni* particles) have been reported as catalytic pro-
pellers. H,0,-fuelled nano- and micromotors have potential ap-
plications for cargo delivery, imaging and trafficking in synthet-
ic circuits as well as in biological media. In this perspective,
a tailored choice of the catalytic propeller and of the surround-
ing material/morphology is pivotal to tune velocity, per-
formance, and robustness.

We present herein the hierarchical assembly of multilayer
polyelectrolyte capsules,” integrating a fluorescent tag, and
armed with a H,0, disproportionation catalytic trigger. This
latter is the tetrasubstituted Ru" polyoxometalate, with the for-
mula Na;o[Ru,(H,0),(1-0),(1-OH),(y-SiW,0056),]  (Ru,POM), the
catalase-like activity and propeller function of which have
been recently reported in aqueous phase.®’ Our approach
builds on the vast knowledge of the supramolecular chemistry
of anionic POMs, evolving to complex systems by electrostatic
interactions with positively charged interfaces.”’ The selective
confinement of oxygenic Ru,POM has thus been obtained
within the positive shells of polymeric containers,"” which turn
out to respond to H,0, by displaying long-lasting and revers-
ible catalytic motility with speeds of up to 25 pms™" and pro-
pulsion forces approaching 1 pN with a catalyst loading as low
as 0.5 fmol per capsule (Figure 1). Compared to state-of-the-art
chemomechanical micromotors,®™® our results combine the
key advantages of employing: 1) a robust, multiturnover and
molecular inorganic synzyme, 2)a straightforward fabrication
strategy which exploits multiple electrostatic interactions, 3) a
multicompartment container for targeted delivery/transport/
imaging. By virtue of its molecular and supramolecular charac-
ter, the resulting chemomechanical system offers a valuable
adaptive potential in terms of catalyst loading and hierarchical
architecture to fit a wide range of conditions/environments for
selected applications. We address here its transposition to a mi-
crofluidic set-up, where the bulk effect of fluid displacement
induced by the catalytic micromotors can be monitored and
modulated upon H,0, controlled addition.

The polyelectrolyte capsules were hierarchically assembled
by layer-by-layer (LbL)"' adsorption of poly(styrenesulfonate)
(PSS) and polyallylammonium hydrochloride (PAH). These poly-
electrolytes, with opposite charges, were sequentially deposit-
ed onto a sacrificial calcium carbonate (CaCO;) template inte-
grating a dextran-rhodamine (dextran-RITC) dopant, yielding
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Figure 1. a) lllustration of the composition of a polyelectrolyte multilayer
capsule carrying dextran-RITC into the cavity (red bundle) and Ru,PFOM com-
plexes (red spots) into the multilayer shell (left); Ru,POM structure and its
catalase-like reactivity (right); b) C-potentials variations during CaCO; parti-
cles coating with PSS, PAH and Ru,POM layers.

a multilayer core-shell particle (Scheme S1 in the Supporting
Information). With this protocol, loading of Ru,POM, as deca-
anion, was readily achieved after the fourth positive PAH layer.
Direct evidence of the POM uptake comes from the color
change of the loaded pellets, which turned brown upon
a single exposure to the Ru,POM solution (Figure S1 in the
Supporting Information).

The efficient uptake of the catalyst was confirmed by UV/Vis
analysis of the Ru,PFOM solution (H,0, pH5.0, 2mgmL™",
0.35 mm), showing a more than 80% decrease (A=270 nm;
£=74846 molL™'cm™") when incubated with the polymeric
capsules (see the Supporting Information for details).

The oxygen-evolving POM turned out to be confined within
the multilayer shells, according to a (PSS/PAH),Ru,POM(PSS/
PAH); arrangement (Figure 1a). The alternating charge deposi-
tion is conveniently monitored, along the fabrication process,
by C-potential analysis (Figure 1b), performed after each poly-
electrolyte coating. Along the build-up of the multilayer shell,
C-potential values show an oscillating response on sequential
addition of PSS (up to —35mV), PAH (up to +10mV) and
Ru,POM (—23.1 mV). In its final arrangement, the multilayer
capsule features a slightly positive surface charge (up to
+4 mV). Reproducible C-potential profiles were collected for
different fabrication batches (Figure S3 in the Supporting Infor-
mation). As a final step, the carbonate template was dissolved
with 0.2m EDTA at neutral pH, thus leaving a dextran-RITC lu-
minescent filler in the central core of the capsule, while the
Ru,POM catalytic domains are confined in the surrounding
shell (see the Supporting Information).

The morphology of the resulting capsules was analyzed by
fluorescence and electronic microscopies, and showed a spheri-
cal shape with an average diameter of 3-4 um, dye-filled cavi-
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ties, and multilayer shells observed as folds and cristae, formed
upon solvent removal as determined by transmission electron
microscopy (TEM; Figure 2 and Figures S7-S10 in the Support-
ing Information).

SK WL
J 1mRuL P

o

1 2 3 4 5 6 7 8 9 KeV

Figure 2. a) TEM images of a single (PSS/PAH),Ru,POM(PSS/PAH); capsule
after core removal, and b) the magnified image of the area marked in (a),
showing the integrity of the multilayer shell; c) EDAX microanalysis of the
capsules (inset: ESEM images and tungsten mapping obtained by EDAX).

The confinement of the Ru,POM cargo is assessed by three
lines of evidence: 1) FT-IR spectra showing the composite fea-
tures of the polymeric material and including the POM stretch-
ing bands at v,(W—O-W)=804cm™', v(W—O-W)=877 cm™’
and v,(Si—0)=942 cm™' (Figures S4 and S5 in the Supporting
Information); 2) inductively coupled plasma mass spectrometry
(ICP-MS) analysis after capsule mineralization, confirming the
expected W/Ru molar ratio (found: 4.5+0.7, calcd: 4.0) and an
overall Ru,POM content of about 46% (w/w) on the dried ma-
terial (corresponding to about 0.5 fmol per capsule; see the
Supporting Information); 3) environmental scanning electronic
microscopy (ESEM), coupled with energy dispersive X-ray
(EDAX) analyses, mapping the heavy element distribution
within the capsule outer shells. This is highlighted by the
bright contour profiles of EDAX/ESEM superimposable images
(Figure 2c and Figure S9 in the Supporting Information) indi-
cating that the tungsten sites of the POM catalyst are localized
at the peripheral rim of the spherical microstructure, with an
even distribution and in agreement with the fabrication plan-
ning (Scheme S1 in the Supporting Information).

Diffusion of H,0, to the catalytic sites of the capsule occurs
through its polyelectrolyte shells that are known to be perme-
able to small molecules.™ H,0, is then expected to be a chemi-
cal trigger for nascent O, generation, according to a second-

order kinetic law, in agreement with the following equation:®
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H,0, + Ru,POM — H,0+1/20, R = k[H,0,][Ru,POM]
where R is the reaction rate, and k is the second-order-reaction
constant. Under homogeneous conditions (h), that is, with free
catalyst in solution ([Ru,POM]=3.6 um, [H,0,]=0.1 ™M, sodium
phosphate buffer 50 mm, pH 7.0), the initial rate of oxygen
evolution, determined upon continuous monitoring of the
pressure variation (< 15% conversion), is Roh:0.155 mmols~’,
corresponding to k"=36.8m s,

The catalytic response of the encapsulated Ru,POM (cap),
when exposed to H,0,, turns out to be much slower, yielding
Ry®=0.01 mmols™' and k“*=39 um 's™' (Table S1 and Fig-
ure S12 in the Supporting Information). Diffusion phenomena
may be envisaged for the encapsulated state as well as
a strong interaction/wrapping of the Ru,PFOM by the PAH poly-
electrolyte that can affect equilibria and solvation of the reac-
tive states. Indeed, progressive addition of PAH (0.02-
0.2mgmL™") to a homogeneous Ru,POM solution (3.6 um) is
responsible for a corresponding abatement of the O, evolution
rate (Table S1 and Figure S12 in the Supporting Information).

FT-IR analysis of the spent capsules, recovered after centrifu-
gation and washing/drying cycles, shows no significant modifi-
cation of the catalyst spectral features (Figure S6 in the Sup-
porting Information). Indeed, the oxygen evolution activity can
be maintained over a long time operation run, reaching 54%
H,O, conversion after 9 h (turnover number, TON, up to 1.5x
10%; Figure S13 in the Supporting Information).

The initial oxygen evolution burst and its steady long-time
running are key phenomena that induce the autonomous mo-
tility of the microcapsules by the propelling force of the nas-
cent gas. This catalytic chemomechanical response and its po-
tential use as motor effector has been addressed at the micro-
scale by considering: 1) the capsule motility as single microob-
jects, 2) the resultant turbulence-induced pressure, seeded by
the oxygenic particles and applied for the displacement of
fluids within a microchannel set-up.

Under catalytic regime, O, evolution within the (PSS/
PAH),Ru,POM(PSS/PAH); capsule suspension can be easily ob-
served by optical microscopy (Figure 3). Upon addition of H,0O,
(1.23 M), the release of oxygen bubbles from the capsule sur-
face occurs as a continuous phenomenon (videos V1 and V2 in
the Supporting Information and Figure 3a and b). Time-lapse
images show the formation of a long tail of oxygen bubbles
(dark circles in Figure3a and b), with average diameter
<10 pm, that coalesce into macrobubbles with diameter
>500 um (video V2 and Figure S16 in the Supporting Informa-
tion). Under catalytic regime, an efficient propulsion turbulence
is thus propagating within the aqueous environment. In the
images shown in Figure3a and b, the capsules lie on the
bottom of the first bubble and are not visible, being smaller
and located on a different focal plane; nevertheless, the
motion of numerous small particles, swimming within the sus-
pension, can be clearly appreciated in the background (videos
V1 and V2 in the Supporting Information).

Imaging of the micromotor behavior as a result of the nas-
cent gas propeller-momentum is acquired by switching the op-
tical microscope to the fluorescent channel, thus tracking the
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50 pm

Figure 3. Optical microscopy images, showing oxygen evolution and motion
of the Ru,POM-loaded capsules upon addition of H,0, (1.23 m): a), b) contin-
uous release and coalescence of oxygen bubbles (time frame 0-54 s, video
V1 in the Supporting Information), c) fluorescence tracking of capsule
motion observed as red spheres (time frame 0-8 s, video V3 in the Support-
ing Information), d) fluorescein isothiocyanate (FITC) staining of the water
suspension mixed and displaced by the turbulence-seeded phenomena due
to oxygen release (video V5 in the Supporting Information).

position and movement of the luminescent tag integrated
within the capsule core (see the Supporting Information for
details).

A typical time-lapse image is shown in Figure 3¢ (see video
V3 in the Supporting Information): (PSS/PAH),Ru,POM(PSS/
PAH); capsules are imaged as red spheres and happen to be
located on different focal planes. Bubble generation imparts
a definite propulsion to the particle system, moving along
random trajectories. The random motion is a result of the
spherical distribution of the catalyst domain and of the soft
material scaffold imparting some asymmetry in the oxygen jet-
flow.

When observed in 1.23m H,0,, the capsule displacement
occurs along linear or circular trajectories (see videos V3 and
V4 in the Supporting Information) with speeds of up to
25 ums™'. This corresponds to a calculated driving force of at
least 0.94pN per particle, according to the equation
F=6muav,, considering a spherical colloidal model with radius
a>2 um, while v_ is the average speed of the capsule micro-
motor and u is the viscosity of water.™

A remarkable local force is thus exerted by O, streaming
from the capsule shells as a long-lasting continuous flow,
which has been exploited for liquid-mixing and self-propulsion
in a microfluidic device. The active mixing of the fluid, and the
turbulence-seeded phenomena, are highlighted by fluorescein
isothiocyanate (FITC) staining of the water suspension contain-
ing Ru,POM-loaded capsules after addition of H,0, (Figure 3d
and video V5 in the Supporting Information). The behavior of
the catalytic micromotors, and their H,0, fuelled propulsion ef-
fect,®™""® were studied under capillary-driven fluidodynamic
conditions"? (Figure 4, see the Supporting Information for de-
tails). According to the experimental set-up (Figure 4a), the
flow dynamics under catalytic oxygen evolution are measured
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in real time within a microchannel, at different H,0, concentra-
tions, in the range 0-1.23 M. The experimental space-time coor-
dinates (z,t) were detected instantly for each sample and are
reported as the displacement lengths of the fluid inside the
channel (Figure 4b and c).
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Figure 4. a) Sketch of the fluidic device and of the measuring set-up (chan-
nel section with a=150 um and b=20 um); b) optical micrograph of the
channel during the fluidic process (scale bar: 100 um); c) fluid displacement
lengths versus time. Each curve corresponds to the injection of solutions
with [H,0,]=0, 0.26, 0.49 and 1.23 m. The starting (S), intermediate (/) and
plateau (P) regime of the solution dynamics are highlighted in the plot.

Since the fluid behavior is affected by some critical parame-
ters, such as solution temperature,"® the mixing/deposition
time, and the presence of capsule agglomerates, these param-
eters were carefully controlled for the different experiments to
allow the acquisition of reproducible curves (Figure S17 in the
Supporting Information) and trends (Figure S18 in the Support-
ing Information). The analytical expression of the fluid displace-
ment in a microchannel follows a power-law dynamics, known
as Washburn’s law, which takes into account the confinement
boundaries of the microchannel shells.™

According to this law, three different regimes can be distin-
guished defined as starting (S), intermediate (/) and plateau (P),
depending on the observation timeframe (Figure S19 in the
Supporting Information and Figure 4¢).">'¥ The floating micro-
motors affect the fluidic process and its capillary dynamics, by
a complex interplay of factors including: the size and rate of
bubble formation, the size and number of the oxygen evolving
seeds on the particle surface, the finite size of the particles sus-
pended in the liquid and its viscosity."®’ We expect that the bi-
molecular catalytic event is herein the major driving force to
sustain the bubble-induced velocity fluctuation and turbulent
flow. Indeed, fitting of the experimental curves of Figure 4b,
shows that, while in the absence of H,0, the flow dynamics of
the starting regime (S zone, time interval of about 100 s) corre-
sponds to a pure capillarity behavior, increasing the H,O, con-
centration imparts a remarkable flow acceleration, which turns
out to be dependent on H,0, concentration. The perturbation
of the capillary dynamics can be calculated for each solution
(see the Supporting Information) considering the maximum
fluid velocity. The velocity (v) of the solution front increases
with the H,0, fuel amount, added to the capsule solution,
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from the ground value of v=85 pms™' at Om H,0,, going to

v=89, 100 and 160 ums™', respectively, at 0.26, 0.49, and
1.23 M H,0,. The observed dependence of the fluid velocity on
the added H,0O, parallels the oxygen evolution rate (R,), experi-
mentally determined as a function of the H,O, concentration
(Figure 5 and Figures S14 and S15 in the Supporting Informa-
tion). This behavior confirms that the catalytic event by the
Ru,POM effector is the dominating factor to control the
chemomechanical response of the particle system under
microfluidic regime, thus providing a convenient tool for the
optimization of tailored devices.
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Figure 5. Dependence of the fluid velocity displacement (triangles) by oxy-
genic microcapsules on added [H,0,] under microfluidic regime, and parallel
behavior of the oxygen evolution rate (squares) under catalytic turnover.

In conclusion, the confinement of the synthetic catalase,
Ru,POM, offers an unprecedented tool for the supramolecular
engineering of catalytic microcarriers exhibiting autonomous
movement and propulsion effect with H,O, as fuel. Their mod-
ular fabrication and molecular components allow a precise
control of both the loading of the catalytic effector and of its
positioning by a tailored design of the structure and numbers
of the hierarchical layers/compartments.

As a corollary, the mechanical pressure of nascent oxygen
and the associated force momentum can affect the capsule
stability and produce an irreversible collapse of their multilayer
shells. This possibility has been addressed by TEM imaging of
the spent particles recovered after oxygen evolution, where
some capsules appear broken (Figure S8 in the Supporting In-
formation). Since the capsule shells can be tuned in terms of
composition and layered structure,”’ the remote control of
their opening and subsequent cargo-release may be relevant
for smart-drug trafficking in biological environment which is
the object of current investigation in our laboratories.

Experimental Section

Layer-by-layer assembly of Ru,POM-functionalized polyelec-
trolyte capsules

Dried CaCO; particles (20 mg) were suspended in 0.5m NaCl (1 mL)
solution containing the polyanion PSS (2 mgmL™', pH6.5). The
excess polyanion was removed by three centrifugation/washing
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steps with 1 mL of MilliQ H,O (1358 g for 5 s). Subsequently, 0.5m
NaCl solution (1 mL) containing the polycation PAH (2 mgmL™",
pH 6.5) was added to the particles and the dispersion was mixed
and treated as described above. After the deposition of the fourth
layer, the particles were incubated in Ru,POM (1 mL) solution (H,O,
pH 5.0, 2 mgmL™", 0.35 mm). Three bilayers of (PSS/PAH) were then
adsorbed to complete the multilayer shells composition (PSS/
PAH),Ru,POM(PSS/PAH);. The sacrificial CaCO; compartments were
finally removed by complexation with EDTA buffer.

Capsule characterization and evaluation of oxygenic behav-
ior

C-Potential analysis was used to monitor the alternate charge lay-
ered structure, the microspherical morphology was assessed by mi-
croscopy evidence, while catalyst confinement was confirmed by
combined FT-IR, UV/Vis spectra, ICP-MS analysis and oxygen evolu-
tion kinetics. Fluorescence imaging was exploited to track the cap-
sule motion fuelled by H,0, with average speeds of up to
25 ums~' and propulsion forces approaching 1 pN with a catalyst
loading as low as > 0.5 fmol per capsule. Catalytic activity of (PSS/
PAH),Ru,POM(PSS/PAH); capsules was monitored using a home-
made pressure sensor adapted for a 25 mL vial. The initial reaction
rate R, was measured by calculating the slope of the kinetic trace
at <15% conversion.

Microfluidics set-up and analysis

The fabrication of the PDMS/glass hybrid device was performed in
several steps, using the soft-lithography technique. To perform the
microfluidic experiments, a drop (200 pL) of freshly prepared 0.26,
0.49 and 1.23m H,0, solutions was deposited at the PDMS/glass
hybrid device inlet. Three sets of measurements were performed
for each experiment, run with two different batches of freshly pre-
pared capsules. The structural parameters were derived by nonlin-
ear regression fitting, from experimental data recorded on several
trajectories of independent samples, for each solutions.

Further details about the synthesis and characterization of
Ru,POM-loaded capsules and microfluidics analyses are given in
the Supporting Information.
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