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Reaction and Their Hemolytic Properties™*
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Self-propelled micro- and nanomotors, which are defined as
micro- and nanodevices capable of converting chemical
energy into autonomous motion,['' can be used to pick up,
transport, and release various cargoes within a liquid medium.
They have important potential applications, for example, in
environmental remediation, drug delivery,” protein and cell
separation,’ and biosensors. Various self-propelled micro-
and nanomotors, such as the asymmetrical catalytic nano-
rods,”! spherical Janus micromotors,® and tubular micro-
engines,” have been developed based on the propulsion of
bubbles, interfacial tension gradients, self-electrophoresis,
and self-diffusiophoresis induced by asymmetrical chemical
reactions. However, most of these micro- and nanomotors
require H,0,, acidic, alkaline, Br,, or I, solutions as the fuel
sources, and they are considered to be incompatible with
living organisms because of their strong oxidation and
corrosion effects.!'! This seriously hinders the most important
practical application of self-propelled micro- and nanomotors
in diverse biological systems.

Water, a liquid necessary for life, may be used to generate
hydrogen or oxygen bubble thrust for micro- and nanomotors
on the basis of the active metal-water reaction and the
photocatalytic water-splitting reaction.®! Nevertheless, the
systems designed so far based on the photocatalytic water-
splitting reaction cannot efficiently produce sufficient bubbles
to power the autonomous motion of micro- and nanomotors,
while most violently hydrogen-generating active metals like
potassium, calcium, and sodium are too unstable in air even at
room temperature to be incorporated in the design of micro-
and nanomotors. On the other hand, magnesium (Mg) and
aluminum (Al) are stable in ambient atmosphere due to the
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rapid formation of a compact passivation layer of (hydro)-
oxides on the surface and thus these metals cannot be used to
reduce water to continuously make hydrogen bubbles.”) To
promote the spontaneous reaction of Al with water to
generate hydrogen bubble thrust, Wang and co-workers
have utilized a process known as liquid metal embrittlement
to remove the Al oxide passivation layer, and have success-
fully developed water-driven Al-Ga/Ti Janus micromotors.'”
However, the liquid metal Ga and the released Al species
from the Al-water reaction are toxic to animals and
humans.™!! Therefore, it is still not possible to realize
biomedical applications with this alloyed Janus micromotor,
though it is able to move efficiently in different biological
media.

Metallic Mg is biocompatible and has been used as
a biodegradable material in metallic implants in humans.!'?!
Mg”" ion, as the fourth most abundant ion in the human body
and a cofactor for more than 300 enzymes, is essential for the
proper functioning of many tissues and organs.'”! Platinum
(Pt) is stable and highly biocompatible in biological media.!'*!
This is the context for our work described herein in which we
demonstrate a novel hemocompatible Mg/Pt Janus micro-
motor driven by the Mg—water reaction. In the rational design
of this Mg/Pt Janus micromotor, the Mg(OH), passivation
layer rapidly formed on the exposed Mg surface is dissolved
by an aqueous solution of sodium bicarbonate (NaHCO,).[™!
Consequently, the reaction between Mg and water is dramat-
ically promoted to continuously generate directional hydro-
gen bubble propulsion. Our Mg/Pt Janus micromotor exhibits
efficient autonomous motion by harvesting energy from water
fuels. Factors influencing the motion performance as well as
hemolysis were deciphered. The results here pave a novel
green way to facilitate the reaction of water with active metals
that have a passivation layer on their surface to powerfully
propel micromotors. In contrast with the water-driven Al-Ga/
Ti Janus micromotors,'”! the Mg/Pt Janus micromotor is
friendly to organism, and holds promise for the important
biomedical applications, such as drug delivery and cell
separation.

In order to fabricate Mg/Pt Janus micromotors, we treated
commercial Mg spheres (Figure S1) with a simple asymmetric
modification process, as illustrated in Scheme S1 in the
Supporting Information. Figure 1 A and the inset show that
the as-obtained the Mg/Pt Janus microspheres have an
average size of 20 um. Portions of the Mg surfaces are
exposed, and the Pt layer has a thickness of roughly 100 nm.
Figure 1B indicates that the particles have a spherical mor-
phology with an obvious binary heterostructure, in which the
Pt is highly concentrated in the left hemisphere while the Mg
is equally distributed over the particle. Figure 1 C,D show the
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Figure 1. A) SEM images of the as-prepared Mg/Pt Janus spheres; the
inset shows the part in the white frame at higher magnification; scale
bar: 2 um. B) The linear EDX analysis of Mg and Pt over a typical
Janus microsphere. The mapping EDX images of C) Mg and D) Pt
corresponding to the particle shown in (B).

EDX elemental mapping analysis of Mg and Pt, respectively,
in the particle imaged in Figure 1B. It further indicates that
the surface of the Mg microsphere is partly covered by an
asymmetric spherical-cap Pt layer, as expected. It is con-
cluded from Figure 1 that the outer Pt layer compactly covers
more than half of the Mg microsphere surface. This facilitates
the asymmetrical ejection of H, bubbles from the exposed
surface of the Mg spheres in water, creating a directional
propulsion thrust.

The autonomous movement of the Mg/Pt Janus micro-
motor was recorded by an optical microscopy. Figure 2
illustrates the self-propulsion of an Mg/Pt Janus micromotor
in an aqueous solution containing 0.5M NaHCO; and 5%
polyvinylpyrrolidone (PVP). Figure 2 A-D show the typical
time-lapse images taken from Video1 in the Supporting
Information. A long tail of hydrogen bubbles generated on
one side of the micromotor is clearly observed, reflecting the
rapid spontaneous reaction of Mg with the surrounding water.
The hydrogen bubbles of around 10 pm in diameter are
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Figure 2. Time-lapse images of a Mg/Pt Janus micromotor driven by
the magnesium—water reaction (from Video 1 in the Supporting
Information) illustrating the motor propulsion after time intervals of
A) 0, B) 1, C) 4, and D) 7 s. E) Motion trajectory of a typical Mg/Pt
Janus micromotor suspended in ultrapure water containing 0.5 m
NaHCO, and 5% PVP.
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ejected at a frequency of about 60 Hz. The as-generated
bubbles generate a strong momentum that propels the
micromotor forward with a remarkable speed of 75.7 ums ™!,
which corresponds to about three body lengths per second.
This represents a large driving force of over 190 pN, based on
the drag force F=6murv, where r is the radius of the Janus
spherical micromotor, v is the speed, and u is the viscosity of
the aqueous medium.""” Figure 2E shows the tracking trajec-
tory of the Mg/Pt Janus micromotor in water, indicating
a spiral motion. The spiral trajectory suggests that the
direction of the resultant force from the bubble propulsion
and drag resistance changes with time, and its action line is
apart from the barycenter or motion direction of the micro-
motor. This may be ascribed to the asymmetric surface and
mass distribution of the Janus micromotor. Similar moving
trajectories were previously reported for large rolled-up
microengines,"” electrosynthesized polyaniline/Pt micro-
tubes,””! and Pt-nanoparticle-loaded microcapsules.”! Fig-
ure S2 shows the time-lapse images of a typical Mg/Pt Janus
micromotor over its whole lifetime, and the average life span
of the micromotor is about 77 s, similar to that of Al- and Zn-
based micromotors."%!"!

The addition of NaHCO; plays a crucial role in the self-
propulsion of the Janus micromotor. Figure S3 and Video 2 in
the Supporting Information indicate that no bubbles are
generated when the Mg/Pt Janus microspheres or the Mg
microspheres are dispersed in the aqueous medium without
NaHCO;. Completely naked Mg microspheres only generate
masses of hydrogen bubbles from the entire surface, but no
directional movement results when they were dispersed in
water containing 0.5M NaHCO,. This suggests that only with
the assistance of NaHCO; can the Mg microspheres react with
water violently to produce abundant hydrogen bubbles. The
hydrogen bubbles symmetrically released from the com-
pletely naked Mg microspheres do not contribute to the
propulsion. In contrast, the Mg/Pt Janus microspheres can
autonomously move in the direction opposite to side on which
the bubbles are released (Figure 2 and SI Video 1), reflecting
the asymmetric bubble generation, which is associated with
the blocking effect of the Pt layer upon the Mg-water
reaction. From these control experiments it can be seen that
the addition of NaHCO; in water is essential for the
continuous Mg-water reaction, and the Janus structure
contributes to the asymmetrical generation of hydrogen
bubbles and propulsion of the Mg/Pt Janus micromotor.

For the Mg/Pt Janus micromotor, it is water that reacts
with Mg to generate hydrogen bubble thrusts and also to form
a passivation layer of Mg(OH), on the exposed Mg surface,
which is rapidly eliminated by NaHCO; in a sufficiently high
concentration (i.e. [NaHCO;]=0.5m).") As a result, H,
bubbles are continuously generated from the surface of the
exposed Mg to autonomously propel the Janus micromotor.
The related chemical reactions are given in Equations (1) and

2.
Mg + 2H,0 = Mg(OH), + H, (1)

Mg(OH), + 2HCO;~ = MgCO, + CO;* +2H,0 2)
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In order to confirm this driving mechanism, we have
monitored the effect of [NaHCO;] on the amount of hydro-
gen (Qy,) evolved from an aqueous suspension containing Mg
microspheres. Figure S4 shows that Qy, increases with the
increasing [NaHCO;]. Figure S5 further indicates that the
products collected from the Mg-water reaction in the
presence of NaHCO; are three-dimensional hierarchical
nanostructured MgCO;-3H,0 particles. Meanwhile, in our
typical experiment the reaction quotient (/) of Equation (2) is
calculated to be in the range of 0 and 0.00854, and is always
much lower than the equilibrium constant (K°=17.69). This
suggests that Equation (2) proceeds spontaneously in the
forward direction. This confirms that NaHCQO; does not act as
a “catalyst”, but as a reactant for the dissolution of the
Mg(OH), passivation layer, as expressed by Equation (2).
Since MgCO5-:3H,0 has a much higher solubility in water
(0.8057 gL™") than Mg(OH), (9.6x10% gL ') at room tem-
perature,'® the Mg(OH), passivation layer on the exposed
Mg surface of the Mg/Pt Janus micromotors is removed by
transformation into soluble MgCO; in water. The fresh Mg
surface is then re-exposed to water, causing an intensive and
continuous Mg-water reaction. Since the Mg-water reaction
on the surface covered by the Pt coating is highly suppressed,
the hydrogen bubbles can be released only in a directional
way from the exposed Mg surface. As a result, the Mg/Pt
Janus micromotors are propelled forward. A schematic
diagram of the Mg/Pt Janus micromotors driven by the
magnesium-water reaction with the assistance of NaHCOj; is
given in Scheme 1.

The above driving mechanism can be further inferred
from the dependence of the autonomous motion of the Mg/Pt
Janus micromotors upon [NaHCO;] in water as shown
in Video3 in the Supporting Information. At [NaHCO;]
<0.05M, no hydrogen bubbles can be observed in the time
period of 5 min, indicating that Mg reacts with water in an
extremely low rate due to the Mg(OH), passivation layer on
the Mg surface. At [NaHCOj;] = 0.1m, hydrogen bubbles start
to be generated on the surface of the micromotor, which,
however, shows a rather slow motion as the generated
hydrogen bubbles attach to the micromotor and grow slowly
over the observing time period. At [NaHCO;]=0.5M, the
Mg/Pt Janus micromotor autonomously moves with a speed of
59-92 pms~'. Further increasing [NaHCO;] from 0.5 to 1m
has no obvious influence on the speed or the life span of the
micromotors, suggesting in this case that the reaction rate of
the Mg—water reaction is lower than the rate of the removal of
the Mg(OH), passivation layer by etching with NaHCO,.[""
The Mg(OH), layer newly formed from the reaction of Mg
with water can be peeled off in time from the Mg surface by
reaction with NaHCO; to produce water-soluble MgCOs;,
which diffuses into the water medium with the formation of
the hydrogen bubble thrusts and local water flow. Conse-
quently, the hydrogen bubbles are generated at a constant
speed by the Mg-water reaction regardless of [NaHCO;], and
the Mg/Pt Janus micromotors keep moving with almost
constant speed and life span when [NaHCO;] exceeds 0.5 M.

For the as-designed Mg/Pt Janus micromotors, the amount
of PVP (Wyyp) in water obviously influences on the speed of
the autonomous motion. Figure S6 and Video4 in the
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Scheme 1. Schematic diagram of the driving mechanism for the Mg/Pt
Janus micromotor: A) the rapid formation of a Mg(OH), passivation
layer produced by the magnesium-water reaction; B) the Mg(OH),
passivation layer is removed by reaction with NaHCO;; C) the efficient,
directional release of numerous H, bubbles from the exposed Mg
surface with the assistance of NaHCO; propels the Mg/Pt Janus
micromotor.

Supporting Information show that without PVP in solution,
the Mg/Pt Janus micromotor instantly sinks to the bottom and
sticks to the glass Petri dish because the viscosity of the
aqueous medium is too low to suspend the Mg/Pt Janus
micromotor. Meanwhile, although it continuously generates
numerous hydrogen bubbles, it does not move because the
thrust of the hydrogen bubbles is not strong enough to
overcome the friction force between the motor and the
bottom surface of the glass Petri dish. When the water fuel
contains 5 wt% PVP, the Mg/Pt Janus micromotors can be
steadily suspended in it, and they move forward with an
average speed of 75.7 ums~! under the continuous propulsion
of the asymmetrical generation of hydrogen bubbles. Differ-
ent from the releasing frequency of O, bubbles from tube-like
micromotors,” the Mg/Pt Janus micromotors almost show an
independence of the releasing frequencies of hydrogen
bubbles on Wpyp when it increases from 0 to 5 wt%. When
Whyp is further increased to 10 and 20 wt %, the average speed
of the Mg/Pt Janus micromotors further decreases to 61.2 and
20.2 ums™', respectively. This is because increasing Wpyp
increases the viscosity of the water fuel, thus enhancing the
viscous resistance of the autonomous motion and decreasing
the speed of the micromotor.'®! In addition, increasing Wpyp
also results in the absorbance of PVP molecules onto the
surface of the micromotors, slowing down the reaction rate
between Mg and water,”! and slightly increasing the life span
of the micromotor (Figure S7). This indicates that PVP
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mainly acts as a surfactant to facilitate the suspension of the
micromotors and their autonomous motion by adjusting the
viscosity. It is feasible to replace it with other surfactants, such
as benzalkonium chloride and Triton X-100 (see Video 5 in
the Supporting Information).

The as-designed Mg/Pt Janus micromotors can operate in
biological media and have good hemocompatibility. Fig-
ure 3A-C (taken from Video 6 in the Supporting Informa-
tion) indicates that the Mg/Pt Janus micromotor is efficiently

8

Figure 3. The autonomous movement of the Mg/Pt Janus micromotor
dispersed in A) PBS buffer solution, B) a dilute suspension of RBCs in
PBS solution containing 0.5M NaHCO; and 5 wt% PVP, and C) rabbit
serum containing 0.5M NaHCO;. D) Hemolytic assay for the PBS
solution containing a) 0.05 gL~ Mg/Pt Janus micromotors, b) 0.5M
NaHCO;, c) 5wt% PVP, d) 0.5mM NaHCO;+ 5 wt% PVP, and

e) 0.05 gL' Mg/Pt Janus micromotors +0.5M NaHCO; +5 wt% PVP.
Evaluation scale: highly hemocompatible (< 5% hemolysis); hemo-
compatible (within 10% hemolysis); non-hemocompatible (>20%
hemolysis). The inset shows the corresponding hemolysis photographs
of RBCs. The presence of red hemoglobin in the supernatant indicates
damaged RBCs. PBS (—) and deionized water (+) were used as
negative and positive controls, respectively.

self-propelled in the phosphate buffer saline (PBS) buffer
solution, and in the dilute suspension of red blood cells
(RBCs) in PBS containing 0.5M NaHCO; and 5 wt % PVP, as
well as in the rabbit serum containing 0.5M NaHCO;,
respectively. The speed of the micromotor is about
70 ums~'. In Figure 3B, the diameter of the H, bubbles
produced from the Mg/Pt Janus micromotors are similar to
that of RBCs, implying that the bubbles and micromotors may
have no adverse effects on human body.”!! Figure 3D
indicates that the percentages of hemolysis are all within
5% for the Mg/Pt Janus micromotors and the components in
its fuel medium (such as NaHCO;, PVP, and NaHCO;+
PVP). In particular, the system containing the Mg/Pt Janus
micromotors, 0.5M NaHCO; and 5 wt% PVP displays only
2.35% hemolysis. This indicates that the Janus micromotor
has a negligible influence on the damage of RBCs and is
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friendly to organisms. Figure 3D also shows that compared to
the samples without 0.5M NaHCO; (Figure 3D, a and c),
those containing 0.5M NaHCO; (Figure 3D, b, d, and e)
exhibit a relative higher hemolysis rate. This is mainly
attributed to the increased osmotic pressure caused by the
addition of 0.5mM NaHCO;, because the hemolysis rate
increases with increasing ion concentration in PBS buffer
solution (Figure S8). Furthermore, the sample containing the
Mg/Pt Janus micromotors, 0.5M NaHCO;, and 5 wt% PVP
has a higher hemolysis rate than that containing only an
individual component, suggesting that the Mg”" ions and/or
the H, bubbles released from the Mg-water reaction also
slightly increase the hemolysis of RBCs. Owing to the
efficient locomotion and good hemocompatibility of the
Mg/Pt Janus micromotors in the biological medium, they hold
great promise for practical applications.

In conclusion, we have demonstrated a novel biocompat-
ible Mg/Pt Janus micromotor driven by the Mg-water
reaction with the assistance of NaHCO;. The addition of
NaHCO; promotes the Mg—water reaction for the asymmetric
hydrogen bubble generation through reacting with the
Mg(OH), passivation layer on the Mg surfaces to form
water-soluble MgCO;. The as-developed Mg/Pt Janus micro-
motor exhibits efficient autonomous motion in water fuel as
well as in biological media, and has important potential
biomedical applications, such as drug delivery and cell
separation, thanks to its excellent hemocompatibility and
harmless reaction products.

Experimental Section

In order to fabricate Mg/Pt Janus micromotors, a simple asymmetric
modification process for Mg spheres was performed, as illustrated in
Scheme S1. At first, some Mg microspheres (average size 20 um,
Figure S1 A) were fully scattered (Scheme S1A) on the surface of
a glass slide precoated with PVP film (PVP-glass slide), which was
designed to partially cover the bottom surface of the Mg micro-
spheres; the glass slide was prepared by dripping 0.2 mL PVP ethanol
solution (2 gL™") on the glass slide and drying at 60°C for 10 min. The
PVP-glass slide with microspheres was then placed in humid air with
a relative humidity of 80% and temperature of 25°C for S5s
(Scheme S1B). During this process, the Mg spheres were partially
immersed in the swollen PVP film by moisture absorption, and the
bottom surfaces of the Mg spheres were partially covered and fixed by
the PVP film after a drying process at 90 °C for 30 min (Scheme S1C).
Then the glass slide was blown with dry high-pressure air to remove
the unfixed Mg particles and ensure that the Mg particles remaining
on the glass slide are partially embedded in the PVP film. After the
exposed surfaces had been coated with a platinum layer by ion
sputtering for 240 s under a pressure of 0.6 Pa (Scheme S1D), the
PVP-glass slide with Mg/Pt Janus microspheres on the surface
(Scheme S1E and Figure S1B) were then immersed in 20 mL acetone
and sonicated for 10 s to peel off the Mg/Pt Janus microspheres. The
separated Mg/Pt Janus microspheres (Scheme S1F) were isolated by
centrifugation, washed with absolute ethanol several times, and then
dried in vacuum at 40°C for 8 h. The pits left on the PVP-glass
substrate (Figure S1C) suggest that most of the Mg/Pt Janus micro-
spheres were successfully released from the substrate PVP film by
sonication.

Scanning electron microscopy (SEM), and energy-dispersive X-
ray (EDX) analyses were obtained using a Hitachi S-4800 field-
emission SEM (Japan). The phase purity of the products was
examined by XRD using a Rigaku D/Max-RB diffractometer at
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a voltage of 40 kV and a current of 200 mA with Cug, radiation (1=
1.5406 A), in the 26 range from 10 to 90° at a scanning step of 0.02°.

The autonomous motion of the Mg/Pt Janus micromotor
(0.05 gL™") in water or PBS buffer with 0.5 NaHCO; and 5 wt%
PVP, as well as in the rabbit serum containing 0.5M NaHCO; was
observed and recorded with an optical microscope (Olympus BX60),
coupled with 10 x objectives, and an Olympus digital camera using the
Cell Dimension software. As comparisons, the movement of the Mg/
Pt Janus microspheres in water with different concentrations of PVP
and NaHCO;, as well as bare Mg microspheres in water containing
0.5M NaHCO; and 5% PVP, was also observed and recorded. All
videos of the micromotor movement were analyzed using ImageJ and
Origin 8.5 software. The control experiments for the Mg-water
reaction were carried out by dispersing Mg microspheres (0.2 g) in
aqueous NaHCO; solutions with the concentrations of 0, 0.048, 0.111,
0.333, and 0.5M, and the evolved hydrogen was detected by a gas
chromatograph (7890-11, TECHCOMP, China).

To evaluate the cytotoxicity of the Mg/Pt Janus micromotors,
hemolytic assays for the Mg/Pt Janus micromotors and their fuel
medium were conducted according to a reported procedure®® by
using heparin-stabilized blood from a healthy New Zealand rabbit.
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