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ABSTRACT: In this work, we have demonstrated the
autonomous motion of biologically-friendly Mg/Pt-Poly(N-
isopropylacrylamide) (PNIPAM) Janus micromotors in simu-
lated body fluids (SBF) or blood plasma without any other
additives. The pit corrosion of chloride anions and the buffering
effect of SBF or blood plasma in removing the Mg(OH)2
passivation layer play major roles for accelerating Mg−H2O
reaction to produce hydrogen propulsion for the micromotors.
Furthermore, the Mg/Pt-PNIPAM Janus micromotors can effectively uptake, transport, and temperature-control-release drug
molecules by taking advantage of the partial surface-attached thermoresponsive PNIPAM hydrogel layers. The PNIPAM
hydrogel layers on the micromotors can be easily replaced with other responsive polymers or antibodies by the surface
modification strategy, suggesting that the as-proposed micromotors also hold a promising potential for separation and detection
of heavy metal ions, toxicants, or proteins.
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■ INTRODUCTION

Natural biomotors can autonomously move by taking
advantage of the spontaneous hydrolysis of biological energy
units, such as ATP.1,2 Inspired by this, vastly growing efforts are
currently being devoted to the design and fabrication of
artificial micro/nanomotors that convert chemical energy into
autonomous motion.3−9 Until now, various self-propelled
micro/nanomotors, such as the asymmetrical catalytic nano-
rods,10,11 spherical Janus micromotors,12−15 and tubular
microengines,16−19 have been developed based on the
propulsion of bubbles, interfacial tension gradients, self-
electrophoresis, or self-diffusiophoresis induced by asym-
metrical chemical reactions. Due to their fascinating capabilities
to pick up, transport, and release various micro/nanocargos in
liquid media, they are expected to perform complex tasks in
biological fluids ranging from targeted delivery of drugs,20−23 to
separation of proteins and cells,24 to microsurgeries, etc.25

However, most of the currently reported artificial micro/
nanomotors are bioincompatible because of the critical
requirement of using H2O2, acidic, alkaline, Br2, or I2 solutions
as fuel sources, or the generation of toxic products such as Al
and Ga ions.4,26 In contrast, the recently developed Mg-based
Janus micromotors, which were driven by the magnesium−
water reaction in aqueous media with the assistance of
concentrated inorganic salts (0.5 M NaHCO3 or NaCl,
etc.),12,27 are biocompatible and may provide an opportunity
to fabricate biocompatible micromotors with desired function-

alities, which are best able to harvest energy directly from
biological media (especially from blood or blood plasma)
without any additives.
In this work, taking into account that blood plasma is a

buffering aqueous liquid containing such anions as Cl−,
HCO3

−, etc., and that poly(N-isopropylacrylamide) (PNIPAM)
hydrogels show intriguing behaviors for uptake and temper-
ature-controlled release of drugs,28,29 we have developed a
biocompatible Mg/Pt-PNIPAM Janus micromotor by a simple
surface modification strategy, and for the first time demon-
strated the autonomous motion, as well as the temperature-
controlled drug delivery of synthetic micro/nanomotors in SBF
and blood plasma without any introduced additives or fuels.
The self-propulsion of the Janus micromotors is confirmed to
be derived from Mg−water reaction under the promotion of
Cl− induced pit corrosion and the buffering effect from SBF
and blood plasma. The Mg-based micromotors driven by SBF
or blood plasma can be used as effective carriers for drugs,
heavy metal ions, proteins, or cells with proper surface
modifications.

Received: May 6, 2014
Accepted: May 28, 2014
Published: May 28, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 9897 dx.doi.org/10.1021/am502729y | ACS Appl. Mater. Interfaces 2014, 6, 9897−9903

www.acsami.org


■ EXPERIMENTAL SECTION
In order to fabricate Mg/Pt-PNIPAM Janus micromotors, a simple
asymmetric modification process (Scheme 1) similar to the previous

report for Mg microspheres was performed.12 In detail, Mg
microspheres (average sizes of 50 μm) were scattered on the surface
of a glass slide precoated with a thin Polyvinylpyrrolidone (PVP) film
(by dripping 100 μL 0.5 wt % PVP ethanol solution on the glass slide
and drying it at 60 °C for 10 min). Then the glass slide was placed in
humid air with a relative humidity of 80% for 5 s. During this process,
the Mg spheres were partially immersed in the swollen PVP film by
moisture absorption, and the bottom surfaces of Mg spheres were
partially covered and fixed by PVP film. Then, the exposed Mg
surfaces were coated with a platinum layer via ion sputtering for 240 s
under a pressure of 0.6 Pa. To prepare poly(N-isopropylacrylamide)
(PNIPAM) precursor solution, 0.35 g N-isopropylacrylamide
(NIPAM) was dissolved in 3.5 mL ethylene glycol, followed by
addition of 0.2 g bis(N,N-methylene bis(acrylamide)) and 20 μL
DEAP (2,2-diethoxyacetophenone) into the solution. Then, 100 μL
PNIPAM ethylene glycol precursor solution was dropped onto the
glass slide to form a liquid film on the surface of the Mg/Pt
microspheres fixed on the PVP-glass slide. Then the glass slide was
exposed to the UV light to polymerize the NIPAM for 4 min. After
being dried in vacuum at 60 °C for 12 h, the Mg/Pt-PNIPAM Janus
micromotors were carefully separated from the substrate by a blade-
scratching process, and washed with ethanol twice. The Mg-PNIPAM
particles were prepared using a similar protocol, but without sputtering
the Pt layer on the Mg surface. Scanning electron microscopy (SEM)
and energy-dispersive X-ray (EDX) analyses were obtained by using a
Hitachi S-4800 field-emission SEM (Japan).
Simulated body fluid (SBF)28 and the solutions containing

individual anions or components with the same concentrations as
those in SBF were prepared according to Supporting Information (SI)
Table S1. The pH value of the Cl− solution was adjusted to 7.4 using 1
M HCl and NaOH solution, and the pH values of the HCO3

−,
HPO4

2−, SO4
2−, or Tris solutions were adjusted to 7.4 by adding 1 M

H2SO4 and NaOH solution. The autonomous motion of the
micromotor was observed and recorded at room temperature through
an optical microscope (Olympus BX60), coupled with 4× and 10×
objectives. All videos of the micromotor movement were analyzed
using ImageJ and Origin 8.5 software (SI). Fluorescein isocyanate
(FITC) was used as a model drug21,30,31 to investigate the drug uptake,
transportation, and release behaviors of the Mg/Pt-PNIPAM Janus
micromotors. To load FITC into the micromotor, 3 mg Mg/Pt-
PNIPAM Janus particles were dispersed in 4 mL FITC solution at 4
°C for 4 h in dark. After the drug loading process was accomplished,
the suspension was centrifuged at 5000 rpm for 2 min to separate the
FITC-loaded particles and washed with 2 mL cold water (4 °C) twice.
The concentration of FITC in the solutions before and after the
loading process, as well as in washed solutions were determined by
using a fluorophotometer (Shimadzu PerkinElmer LS55) with an
excitation wavelength of 488 nm and an emission wavelength of 520
nm. The drug loading efficiency is calculated as follows:

μ
=loading efficiency

drug load ( g)
dried weight (mg)

where “drug load” is the amount of drug loaded in the micromotors
and “dried weight” is the dried weight of the micromotors.

To visualize the temperature-induced drug releasing process, a
confocal laser scanning microscope (CLSM, leica DMIRE2) was used
to observe the variation of the morphology and fluorescent intensity of
the micromotor with the increasing temperature (from 20 to 37 °C)
and releasing time (0−30 min) with an excitation wavelength of 488
nm and an emission wavelength of 520 nm. To avoid the influence of
the releasing bubbles and the motion of the micromotor on the CLSM
observation, the micromotor was soaked in pure water at 25 °C for 24
h before drug loading process, which could retard the reactivity of the
micromotor with SBF. Typically, 100 μL of the aqueous suspension of
Mg/Pt-PNIPAM Janus particles (0.2 g/L) were added to 3 mL SBF in
a Perti dish. Then the Petri dish was heated from 20 to 37 °C and
maintained at 37 °C for a period of 30 min using a microscope
temperature control stage. The optical images were recorded every 30
s. To monitor the FITC releasing process from the micromotors at 20
and 37 °C versus time, the temperature of 3 mL SBF was maintained
at 20 or 37 °C, respectively, for 10 min before 100 μL of the aqueous
suspension (4 °C) of the micromotors (0.2 g/L) was added. Then, the
fluorescent and optical images of the micromotors were recorded
every 30 s using an x−y−t model of the LCSM for 30 min, and the
fluorescence intensity variation over the Mg/Pt-PNIPAM Janus
micromotor was analyzed by the intensity measurement feature in
the Leica confocal software version 2.61.

To evaluate the cytotoxicity of the Mg/Pt-PNIPAM Janus
micromotors, hemolytic assay for the Mg/Pt-PNIPAM Janus micro-
motors and their fuel medium was conducted according to the
reported procedure using the ethylenediamine tetra-acetic acid
(EDTA)-stabilized human blood.32 First, 5 mL of blood sample was
added to 10 mL of PBS, and then red blood cells (RBCs) were isolated
by centrifugation at 10 016g for 10 min. The RBCs were washed five
times with 10 mL of PBS solution. The purified RBCs were diluted to
a volume of 50 mL with PBS. RBCs’ incubation with D.I. water and
PBS were respectively used as the positive and negative controls.
Then, 0.2 mL diluted RBC suspension was added to 0.8 mL SBF or
PBS containing 0.05 g L−1 Mg/Pt-PNIPAM Janus micromotors, and
allowed to stand for 3 h, and subsequently centrifuged at 10 016g for 3
min. 100 μL of the supernatant was transferred to a 96-well plate. The
absorbance values of the supernatants at 570 nm were determined
using a microplate reader with absorbance at 655 nm as a reference.
The percent hemolysis of RBCs was calculated using the following
formula:

= −
−

−
×% hemolysis

sample abs. neg. abs.
pos. abs. neg. abs.

100%

where “sample abs.” is the sample absorbance; “pos. abs.” is the
positive control absorbance; and “neg. abs.” is the negative control
absorbance.

■ RESULTS AND DISCUSSION
A two-step asymmetric modification process was adopted for
the fabrication of Mg/Pt-PNIPAM Janus micromotors.12 As
illustrated in Scheme 1, Mg microspheres (SI Figure S1) were
at first partially embedded in PVP film on a glass slide. Then,
the top surface was subsequently coated with layers of platinum
and PNIPAM via ion sputtering and UV polymerization
processes, respectively. Over 90% of the Mg/Pt-PNIPAM Janus
micromotors can finally be separated from the substrate by a
blade-scratching process (SI Figure S2a). Figure 1A and its
inset show the Mg/Pt-PNIPAM Janus microspheres partially
embedded in the PVP film, whereas Figure 1B shows a typical
Mg/Pt-PNIPAM Janus microsphere separated from the
substrate. Both of them indicate that the particles have average

Scheme 1. Fabrication Process for the Mg/Pt-PNIPAM
Janus Micromotors
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diameters of about 50 μm. A binary heterostructure is obviously
discernible from Figure 1B, in which about 3/4 of the surface of
the Mg microsphere is covered by an asymmetric spherical-cap
Pt-PNIPAM layer with a thickness of about 4 μm. The
elemental linear (Figure 1C) and mapping (Figure 1D) EDX
analyses indicate that the Mg signal is detected over the whole
particle, whereas Pt and C signals can only be detected in the
asymmetric spherical-cap, further confirming that the Mg/Pt-
PNIPAM Janus particles are obtained, in which Mg micro-
spheres are subsequently covered by asymmetric spherical-cap
layers of Pt and PNIPAM.
To mimic the autonomous movement of the Mg/Pt-

PNIPAM Janus micromotor in human blood plasma environ-
ments, simulated body fluid (SBF) containing 5 wt % PVP was
selected as a carrier fluid. Here, the addition of PVP into SBF
was mainly to make the viscosity of SBF close to that of blood
plasma.33 SI Video S1 and Figure 2 illustrate the self-propulsion
of an Mg/Pt-PNIPAM Janus micromotor in SBF containing 5
wt % PVP. The typical time-lapse images (Figure 2A−D) taken
from SI Video S1 shows that a long tail of hydrogen bubbles
with diameters (R) of ca. 10 μm was generated on one side of
the micromotor with a frequency ( f) of about 90 Hz. This

reflects the spontaneous and rapid reaction of Mg with water in
SBF, as illustrated in eq 1.34

+ = + + Δ θGMg(s) 2H O(aq) Mg(OH) (s) H (g)2 2 2 r
(1)

The as-generated bubbles engender a strong momentum that
propels the micromotor forward with a speed of 95 μm s−1,
representing the conversion of chemical energy into autono-
mous motion. The speed is comparable to that of the spherical
Janus micromotors driven by chemical corrosion of active
metal.12,15,27 The power conversion efficiency (ηc) of the
micromotor, defined as the ratio of the output mechanical
power (Pmecha) into the input overall chemical power (Pchem),

35

can be estimated from eq 2 to be 1.9 × 10−19.

η πμ= =
Δ

=
Δθ θ

P
P

F v

n G
rv
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6

r r
c

mecha
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drag

H

2

H2 2 (2)

Here, Fdrag is the drag force on the spherical micromotor, v is
the speed of the micromotor (95 μm s−1), μ is the dynamic
viscosity of SBF containing 5 wt % PVP (2.2 mPa · s), r is the
radius of the micromotor (ca. 50 μm), nH2

= ((4/3)(πR3f)/
(22.4 × 10−3)) is the hydrogen evolution rate from the
micromotor in units of mol·(motor·s)−1, and ΔrG

θ is the Gibbs
free energy of Mg−water reaction (eq 1, −596.4 kJ per mole of
H2 produced). As the curve shown in Figure 2D, the Mg/Pt-
PNIPAM Janus micromotor in SBF moves following a curved
ballistic trajectory due to the deviation of the H2 releasing
direction from the symmetry axis of the Janus micromotor,
generating a rotational torque besides the translational
propulsion. The typical life span (SI Figure S3) and moving
distance of the motor are about 60 s and several millimeters,
respectively. Both of them are similar to those of active metal-
based micromotors.12,19,26 This implies that the coating layer of
PNIPAM has little influence on the motion of the micromotor.
Further prolonging the lifetime of the Mg-based micromotors is
currently underway by optimizing the size and number of
exhaust nozzles.
Rapidly removing the Mg(OH)2 passivation layer on the

exposed Mg surface to promote Mg−H2O reaction is crucial for
the as-developed Mg/Pt-PNIPAM Janus micromotor to attain
autonomous motion.12 SBF is a buffering solution containing
certain concentrations of HCO3

−, Cl−, HPO4
2−, and SO4

2−

anions. In order to investigate the effect of anions in SBF or
blood plasma on the self-propulsion of the Mg/Pt-PNIPAM
Janus micromotors, the micromotors are added into aqueous
solutions with HCO3

−, Cl−, HPO4
2−, or SO4

2− of the same
concentration as that in SBF, respectively. Figure 3 and SI
Video S2 show that no bubble generation is observed on the
micromotors in the solutions containing 2.5 mM SO4

2−, 1 mM
HPO4

2−, or 27 mM HCO3
−. In contrast, there are numerous

bubbles generated swiftly in both the solution containing 125
mM Cl− and that containing 50 mM Tris. This confirms that
low concentrated sulfate solution has a weak effect on the
removal of the Mg(OH)2 passivation layer. Hydrogen
phosphate cannot make the Mg−water reaction incessantly
occur as the Mg3(PO4)2 produced by consuming OH− has a
lower solubility product constant (Ksp) (= 1.04 × 10−24) than
that for Mg(OH)2 (= 5.6 × 10−12), and will also tightly attach
on the Mg surface.34 HCO3

− may accelerate the Mg−water
reaction at a concentration above 100 mM due to the greater
Ksp for MgCO3 (= 6.8 × 10−6) than that for Mg(OH)2,

12 but its
concentration in SBF is too low (27 mM) to peel off the

Figure 1. SEM images of Mg/Pt-PNIPAM Janus particles partially
embedded in the substrate (A) and a separated Janus particle (B);
elemental linear (C) and mapping (D) EDX analysis for a typical Janus
particle; Scale bar in the inset of A is 10 μm.

Figure 2. Time-lapse images of a typical Mg/Pt-PNIPAM Janus
micromotor suspended in SBF with 5 wt % PVP taken from SI Video
S1, illustrating the motor propulsion at a time interval of (A) 0, (B) 2,
(C) 4, and (D) 8 s; the white dots and curve in D indicate the motion
trajectory of the typical Mg/Pt-PNIPAM Janus micromotor.
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Mg(OH)2 passivation layer. The chloride-induced pitting
corrosion on the Mg surface, especially with the additional
galvanic corrosion between Mg and Pt (corresponding to
anodic indexes of −1.75 and −0.0 V, respectively) can
remarkably engender bubble propulsion of the micromotor,
which is consistent with the results reported by Wang’s
group.27 However, with the H2 bubbles released (about 60 Hz
in f), there exist solid precipitates discharged from the
micromotor in the solution containing only Cl− ions, as
indexed in Figure 3D by a white arrow. This phenomenon is
not observed when the micromotor moves in SBF, suggesting
that the Tris-HCl buffer in SBF plays an important role in the
dissolution of Mg(OH)2 precipitates because other anions (2.5
mM SO4

2−, 1 mM HPO4
2−, or 27 mM HCO3

−) have a
negligible effect on the dissolution of Mg(OH)2 (Figure 3A−
C). This implies that the Tris-HCl buffer solution can provide
protons to consume the OH− anions generated from Mg−H2O
reaction and inhibit the formation of an Mg(OH)2 passive layer
or Mg(OH)2 precipitates.

34,36 As a result, it facilitates the Mg−
H2O reaction and contributes to the propulsion of the
micromotor (Figure 3E). In a word, besides the galvanic
corrosion and Cl− induced pit corrosion,27 the strong buffering
effect of the SBF plays a dominant role in the self-propulsion of
the Mg/Pt-PNIPAM micromotor in SBF. In addition, it is also
possible for the HCO3

− and HPO4
2− anions in SBF to make

some additional contributions as buffering agents.
In the as-fabricated Mg/Pt-PNIPAM Janus micromotor, the

asymmetric middle nanolayer of Pt is indispensable for the
asymmetrical generation of hydrogen bubbles and the efficient
self-propulsion. SI Figure S4A and SI Video S3 show that Mg/
PNIPAM Janus microsphere, which is fabricated according to
Scheme 1 but without the step of Pt sputtering, exhibits a
motion in SBF as slow as about 15 μm s−1. In contrast, the Mg/
Pt Janus microsphere is self-propelled by asymmetrically
released H2 bubbles at a high speed of over 105 μm s−1 in
SBF (SI Figure S4B and SI Video S3). This suggests that the
asymmetric spherical-cap layer of PNIPAM cannot be
substituted for that of Pt to effectively suppress Mg−H2O
reaction at the covered Mg surface, since it forms a three-
dimensional hydrogel in SBF at room temperature so that H2O
molecules, etching anions of HCO3

− and Cl− in SBF, as well as
generated hydrogen bubbles all can penetrate this hydrogel
layer.
As depicted in Scheme 2, the Mg/Pt-PNIPAM Janus

micromotors exhibit excellent drug uptake, transportation,

and temperature-controlled release behaviors, thanks to the
partial surface-attached thermoresponsive PNIPAM shell. For
example, they can load fluorescein isocyanate (FITC), used as a
model drug here,21,30,31 by the temperature-induced “breath-in”
effect of the PNIPAM hydrogel shells,29 after soaking them in
FITC solution at 4 °C for 4 h. The drug loading efficiency
(DLE) of the micromotors reaches 8.1 μg/mg in our
experiment. When the FITC-loaded micromotor is put into
SBF, it autonomously moves (SI Video S4). This clearly
illustrates the capability to transport drug molecules, as shown
in Scheme 2C and Figure 4.

SI Video S5 (with 300× speed acceleration) and Figure 5A
present the fluorescent intensity variation over two typical Mg/
Pt-PNIPAM Janus micromotor at 20 and 37 °C versus time. It
can be seen that the fluorescent intensity of the PNIPAM
hydrogel layer on the micromotor decreases sharply with a
prolongation of the soaking time. This, compared with the
negligible fluorescent intensity decrease of the FITC in SBF (SI
Figure S5), represents the releasing process of the FITC

Figure 3. Images of the Mg/Pt-PNIPAM micromotor in aqueous
solutions containing only (A) 2.5 mM SO4

2−, (B) 1 mM HPO4
2−, (C)

27 mM HCO3
−, (D) 125 mM Cl−, or (E) 50 mM Tris-HCl buffered

solution, taken from SI Video S2. Scale bar, 50 μm.

Scheme 2. Demonstration of the Drug (A, B) Loading, (C)
Transporting, and (D) Releasing Behaviors of the Mg/Pt-
PNIPAM Janus Micromotors

Figure 4. Time-lapse fluorescent images of the autonomous motion of
the Mg/Pt-PNIPAM micromotor loaded with FITC in SBF containing
5 wt % PVP (SI Video S4) at an interval of (A) 0, (B) 2, (C) 4, and
(D) 7 s.
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molecules. Figure 5B further indicates quantitatively that for the
Mg/Pt-PNIPAM Janus micromotor, the release rate of FITC at
37 °C becomes much faster than that at 20 °C, and almost
reaches its equilibrium at about 15 min, revealing that the drug-
releasing behavior from the micromotor can be controlled by
the environmental temperature (T). This is because the
PNIPAM hydrogel layer of the micromotor in SBF possesses
a volume phase transition temperature (VPTT) at 30 °C.37 At
T = 20 °C, the drugs release mainly in a molecular diffusion
processes or osmosis transport mechanism because of the FTIC
concentration gradient between the surrounding water media
and the PNIPAM hydrogel layers. The faster release rate at T =
37 °C is ascribed to a combination of the increasing system’s
kinetic energy and the “squeezing” mechanism due to the
shrinkage of the PNIPAM hydrogel layers with the increase of
T, as verified by the results in SI Figure S6.30 In addition, in the
FITC releasing curve at the period of 3−5 min at 37 °C, a
plateau exists between two sharp releases of FITC. This could
be explained by the “skin-effect” of PNIPAM when T is higher
than its VPTT.30,38 In detail, when the Mg/Pt-PNIPAM
micromotor loaded with FITC at 4 °C is added to an SBF at 37
°C, a temperature gradient across the PNIPAM gel will form
and make a burst release of the surface FITC (0−3 min in
Figure 5B), accompanying the formation of a dense “skin” on
the surface of the PNIPAM gel. Afterward, the release of FITC
was greatly hindered due to this “skin-effect” (3−5 min in
Figure 5B). When the temperature of the inner PNIPAM gel
increases above VPTT with increasing soaking time, the
hydrostatic pressure inside the gel will finally build up and

cause the collapses of polymer networks, “squeezing” out the
fluid containing FITC (the burst release after 5 min in Figure
5B). The above results suggest that the proposed Mg/Pt-
PNIPAM Janus micromotor is capable of loading, transporting,
and controlled-releasing drugs in SBF, as illustrated in Scheme
2. It is imaginable that the drug releasing critical temperature of
the micromotors can be simply modulated by adjusting the
copolymerization of NIPAM with comonomers.
As the chemical composition and properties of SBF are

similar to those of human blood plasma, except serum albumin
and proteins etc., the as-proposed Mg/Pt-PNIPAM Janus
micromotors are expected to show self-propulsion, as well as
controlled drug delivery in blood plasma. SI Video S6 and
Figure 6A show that the Mg/Pt-PNIPAM Janus micromotor
autonomously move in human blood plasma with a speed of
about 35 μm s−1. In contrast, the Pt-based catalytic tubular
micromotor is unable to move in the human blood plasma
(even with 3 wt % H2O2 addition) because of the coverage of
active sites by the contained proteins and its high viscosity.39 It
is also noted that the speed is slower than that in SBF. This is
mainly because albumin can keep the generated bubbles
stabilized and attached to the micromotor,40 burdening the
movement of the micromotor. Figure 6A further indicates that
the ejected H2 bubbles have a diameter of about 10 μm (similar
to that of RBCs), implying that they may display similar
rheology in microvessels and capillaries to RBCs, and have no
adverse effects to the human body for their potential in vivo
applications.40 The florescent image (Figure 6B) and video in
SI Video S6 shows the autonomous motion of the FITC-loaded

Figure 5. (A) Fluorescent images representing the drug release from the Mg/Pt-PNIPAM Janus micromotor and (B) the normalized average
cumulative drug release profiles at 20 and 37 °C versus time; Scale bars in A: 10 μm.

Figure 6. (A) Optical and (B) fluorocent images of the self-propulsion of the FITC-loaded Mg/Pt-PNIPAM micromotor in human blood plasma;
scale bars: 100 μm. (C) Hemolytic assay for the 0.05 g L−1 Mg/Pt-PNIPAM Janus micromotors in (a) PBS and (b) SBF. Evaluation scale: highly
hemocompatible (less than 5% hemolysis); hemocompatible (5−10% hemolysis); nonhemocompatible (over 20% hemolysis). The inset shows the
corresponding hemolysis photographs of RBCs. The presence of red hemoglobin in the supernatant indicates damaged RBCs. PBS (−) and D.I.
water (+) are used as negative and positive controls, respectively.
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Mg/Pt-PNIPAM micromotor in human blood plasma,
suggesting the promising capability to transport and release
drugs in human blood plasma. In addition, Figure 6C shows
that the percentages of hemolysis are all within 1% for the Mg/
Pt-PNIPAM micromotor with or without SBF, suggesting that
the Janus micromotor and their autonomous motion have a
negligible influence on the damage of red blood cells (RBCs,
highly hemocompatible) and are friendly to organisms.

■ CONCLUSIONS
We have demonstrated the autonomous motion of the
biologically-friendly Mg/Pt-PNIPAM Janus micromotors in
SBF or blood plasma without any other additives. The pit
corrosion of chloride anions and the buffering effect of SBF or
blood plasma in removing the Mg(OH)2 passivation layer play
major roles for accelerating Mg−H2O reaction to produce
hydrogen propulsion for the micromotors. Furthermore, the
Mg/Pt-PNIPAM Janus micromotors can effectively uptake,
transport, and temperature-control-release drug molecules by
taking advantage of the partial surface-attached thermores-
ponsive PNIPAM hydrogel layers. The PNIPAM hydrogel
layers on the micromotors can be easily replaced with other
responsive polymers or antibodies by the surface modification
strategy, suggesting that the as-proposed micromotors also hold
a promising potential for in vitro separation and detection of
heavy metal ions, toxicants, or proteins. Future efforts should
be devoted to improving the motility control, power conversion
efficiency, and lifetime of the Mg-based motors to meet the
requirements of their potential in vivo applications, such as by
elaborately designing the nozzle exits.
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