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Three-dimensional motion (especially in the Z-axis direction) of metal-organic frameworks (MOFs)-
based micromotors (MOFtors) is essential but still in its infancy. Herein, we propose a simple strategy for
designing light-driven MOFtors that move in the Z-axis direction and efficiently kill Staphylococcus
aureus (S. aureus). The as-prepared polypyrrole nanoparticles (PPy NPs) with excellent photothermal pro-
perties are combined with ZIF-8 through a simple in situ encapsulation method, resulting in multi-wave-
length photothermally-responsive MOFtors (PPy/ZIF-8). Under the irradiation of near-infrared (NIR)/ultra-
violet (UV)/blue light, the MOFtors all exhibited negative phototaxis and high-speed motion behaviour
with the highest speed of 2215 + 338 um s, In addition, it is proved that these MOFtors can slowly self-
float up in an aqueous environment. The light irradiation will accelerate the upward movement of the
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MOFtors, and the time required for the MOFtors to move to the top is negatively correlated with the light
intensity. Finally, efficient antibacterial performances (up to 98.89% against S. aureus) are achieved with
these light-driven MOFtors owing to the boosted Zn?* release by vigorous stirring motion and physical
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Introduction

Over the past decade, numerous exploratory studies on the
three-dimensional (3D) motion (especially in the Z-axis direc-
tion) of micromotors have been proven critical for their poten-
tial applications in environmental remediation and biomedical
fields.'™ Until now, micromotors based on traditional
materials have been challenged by factors such as gravity
settlement and insufficient driving force. Their motion mainly
occurs at the bottom of the solution, that is two-dimensional
(2D) movement with four degrees of freedom (4-DoF), which
inhibits their further practical applications.*® In the water
purification field, it is difficult for micromotors with only 2D
movement ability to perform efficient repair since the distri-
bution of pollutants is random. It is found that the rapid
movement of micromotors in the Z-axis direction can signifi-
cantly promote liquid convection and favour the adsorption or
degradation of pollutants. Specifically, microplastics, most of
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entrapment by the upward motion under light irradiation.

which are suspended in sewage, require the micromotors to
grasp effectively through 3D motion with six degrees of
freedom (6-DoF).> In light of the reported study,” the 3D
random motion of micromotors can be realized simply by
bubble recoil propulsion. Even though they can carry out high-
speed motion thanks to the strong recoil force of the bubbles,
the motion ability will gradually decay with the depletion of
fuel until it stops moving, and the movement process is
uncontrollable. Moreover, they are powered by toxic chemicals
such as H,0,, N,H,, HCI, urea, and NaBH,, which would be
harmful to aquatic animals and plants.®*? Alternatively, a few
studies have shown that the motion and control of micromo-
tors in the Z-axis direction can be realized simultaneously by
external fields (e.g., a light field, an electric field, and the com-
bination of a magnetic field and an acoustic field) without
adding toxic chemicals.>***® The external field can supply
energy to micromotors at any time, but the electric field or the
combination of the magnetic and sound fields to trigger the
Z-axis motion of micromotors have relatively higher require-
ments on external equipment and the operation is compli-
cated and cumbersome, which causes another major
limitation.

Light is a kind of environmentally-friendly energy with easy
access and remote control characteristics. Light has been
widely used as the driving source of micromotors benefiting
from the high spatial-temporal precision and customization of
many different parameters (such as light beam size, intensity,
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wavelength, incident angle, phase, and switch on/off)."*>*
Additionally, as a non-contact technique, light presents great
versatility and flexibility in manipulating micromotors’ motion
behaviour (such as speed and trajectory).>*° Until now, only a
few studies have been reported on the Z-axis motion of light-
driven micromotors. Based on the intrinsic characteristics of
photoactive materials or the interactions between light and
matter, the Z-axis motion mechanism of light-driven micromo-
tors can be divided into two types, ie. photothermal
conversion®'**! and photochemical reactions.>'**> Although
some progress has been made, realizing the Z-axis motion of
micromotors is still challenging.

In connection with the design of micromotors, the modu-
lation of their weight and macro/microstructure is highly
desired. Metal-organic frameworks (MOFs) are currently one
of the most promising materials for preparing micromotors to
perform their motion control in the Z-axis direction because
their unique pore structure, large specific surface area, adjus-
table pore size, and controllable structure can effectively
reduce the weight of micromotors and improve their motion
ability in the Z-axis direction. Some MOFs have organic
ligands with higher optical absorption coefficients than in-
organic materials and metal sites with biomimetic catalytic
activity, promoting the generation of light-induced gas or
bubbles. MOFs have excellent gas adsorption properties, bene-
fiting the adjustment of optically-controlled buoyancy in a
liquid solution. The surface of MOFs is easily functionalized
and can be modified with light-responsive polymers, aiming at
regulating the hydrophilic/hydrophobic properties of light-
driven MOFtors.*** However, the development of MOFtors is
slow. Based on the power sources, MOFtors are mainly pro-
pelled by the Marangoni effect, the bubble recoil effect based
on Pt and H,0,, and an external magnetic field.>* Particularly,
to date, the study on light-driven MOFtors has been rarely
reported. The existing MOFtors are also limited by the low
design degree of freedom and poor motion ability in the Z-axis
direction. Consequently, further investigations on the Z-axis
motion of light-driven MOFtors are required to promote more
potential applications (such as sterilizing and purifying
environmental wastewater).

ZIF-8 is a kind of MOF synthesized by the reaction of Zn(u)
and imidazole ligands, possessing many excellent properties
and a wide range of practical applications.**” Specifically,
ZIF-8 and ZIF-8-based composites have demonstrated remark-
able potential in antibacterial applications.>®*® Previous
studies have shown that ZIF-8 will partially hydrolyse in an
aqueous environment, resulting in the release of Zn>*".*"*?
Besides, light irradiation could accelerate the Zn** release
rate.*® Zn®" is a potent antibacterial agent that can trigger cell
deformation or cell wall rupture, resulting in cytoplasmic
leakage and creating an alkaline microenvironment to inhibit
the growth or kill bacteria.***® Polypyrrole (PPy) is a conduc-
tive polymer widely used in the biomedical and environmental
water treatment fields because of its fast response to light,
excellent photothermal conversion performance, good hydro-
phobicity, outstanding biocompatibility, and stability.*”*°
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Herein, we demonstrate multi-wavelength photothermally-
driven MOFtors, which move rapidly and serve as a micro-zone
agitator, self-float in the Z-axis direction to the surface, and
exhibit efficient antibacterial ability. The photothermally-
responsive PPy NPs were incorporated into ZIF-8 via an in situ
encapsulation method to obtain photothermally-driven
MOFtors (PPy/ZIF-8). The effects of different wavelengths of
light (i.e., NIR/UV/blue light) on the motion behaviour of the
MOFtors were studied. When the MOFtors were dispersed in
water, the gas stored in the channel could transform into
microbubbles due to their superhydrophobic properties,
increasing their buoyancy and accounting for the slow self-
floating phenomenon in the Z-axis direction. Furthermore,
based on the photothermal PPy NPs, a light source was used to
accelerate the extraction of the stored microbubbles, expand
the bubble volume, and further increase the buoyancy of
MOFtors. Cooperating with the liquid convection effect and
enhanced self-floating ability of MOFtors in the Z-axis direc-
tion by photothermal action, many MOFtors accumulated on
the top of the suspension, forming a dense MOFtor cluster.
Finally, a superior antibacterial performance in simulated
wastewater was achieved by these light-driven MOFtors attribu-
ted to the accelerated release of Zn>*, boosted 3D stirring
motion offering more contact possibility, and the entrapment
effect of MOFtor clusters on bacteria during the ascent
process.

Results and discussion
Preparation and characterization of PPy/ZIF-8 micromotors

A PPy/ZIF-8 micromotor was designed by a simple in situ
encapsulation method. The detailed preparation process is
shown in Fig. 1a. Spherical PPy NPs with an average size of
130 nm were prepared according to the reported method
(Fig. 1b).*® Then, the PPy NPs were introduced into the precur-
sor solution for the synthesis of ZIF-8, in which sodium
formate contributed to the deprotonation of 2-methyl-
imidazole to coordinate with Zn** for quick ZIF-8 particle for-
mation. The SEM and TEM results of the prepared PPy/ZIF-8
are illustrated in Fig. 1c-e, indicating the successful encapsula-
tion of PPy NPs inside the ZIF-8 polyhedron. Compared with
the unmodified pure ZIF-8 particles (Fig. S17), the surface of
PPy/ZIF-8 appeared wrinkled and rough, and a lot of PPy NPs
could be observed on the surface, while the particle size did
not change significantly, about 3 um.

To study the crystal structure of PPy/ZIF-8, more detailed
characterization experiments were performed. The X-ray diffr-
action (XRD) patterns showed that the main peaks of pure
ZIF-8 were consistent with those of reported standard ZIF-8
crystals (Fig. 2a)."° The strong diffraction peak of PPy/ZIF-8
was consistent with that of pure ZIF-8, and both of them had
high crystallinity, indicating that the introduction of PPy NPs
did not affect the crystal structure of ZIF-8. No additional
peaks belonging to PPy NPs were observed due to the amor-
phous structure and low loading amount of PPy NPs.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Fabrication and morphological characterization. (a) Schematic
illustrating the preparation of PPy/ZIF-8 through the in situ encapsula-
tion method. SEM images of (b) PPy NPs and (c) PPy/ZIF-8. (d) TEM
image of PPy/ZIF-8. (e) An enlarged view image of (d).
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Fig. 2 Structural characterization. (a) Powder XRD patterns and (b) FTIR
spectra of PPy NPs, ZIF-8, and PPy/ZIF-8. (c) N, adsorption—desorption
isotherms and (d) pore size distributions of ZIF-8 and PPy/ZIF-8 based
on the NLDFT method.

The composition of the PPy/ZIF-8 was further confirmed by
Fourier transform infrared spectroscopy (FTIR) in Fig. 2b. PPy/
ZIF-8 presented the typical characteristic peaks of ZIF-8
(marked in the grey column) at 692 cm™" and 755 cm™" (out-
of-plane bending vibration of the imidazole ring); 1146 cm™",

1173 cm™" and 1308 cm™" (in-plane bending vibration of the
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imidazole ring); 1420 cm™ and 1456 cm™ (stretching
vibration of the imidazole ring); and 420 cm™' (stretching
vibration of the Zn-N bond). The additional typical character-
istic peaks of PPy (marked in the blue column) appeared at
1558 cm ™" (stretching vibration of the C=C bond, pyrrole ring
stretching), 1048 cm™" (in-plane deformation vibration of the
C-H bond), and 927 cm™" (out-of-plane bending vibration of
the C-H bond). Additionally, the zeta potential of ZIF-8 was
found to be 32.4 mV, while the value decreased to 22.2 mV for
PPy/ZIF-8 (Fig. S2t). As the surface potential of PPy NPs is
negative,® the presence of PPy NPs on the surface will lead to
an overall potential decrease of ZIF-8.

The N, adsorption-desorption isotherms and pore size dis-
tributions of ZIF-8 and PPy/ZIF-8 at 77K are shown in Fig. 2c
and d. ZIF-8 and PPy/ZIF-8 show type I isotherms with no de-
sorption hysteresis, indicating the typical microporous struc-
ture. The calculated Brunauer—Emmett—Teller (BET) surface
area of ZIF-8 and PPy/ZIF-8 was 1196 m> g * and 1183 m* g/,
respectively. A nonlocal density functional theory (NLDFT)
method was used to analyse the pore size distribution, con-
firming the existence of abundant micropores (<1.5 nm) in
both ZIF-8 and PPy/ZIF-8 structures. The corresponding pore
volumes were 0.531 cm® g™' and 0.527 cm® g, respectively.
The above results indicated that the introduction of PPy NPs
into the ZIF-8 structure by the in situ encapsulation method
hardly affects the specific surface area and blocks the inherent
micropore structure of ZIF-8.

Motion behavior of the light-driven PPy/ZIF-8 micromotors

The as-prepared PPy/ZIF-8 particles only exhibited Brownian
motion without light irradiation (Mov. S1}). When exposed to
blue light (470 nm), the PPy/ZIF-8 micromotors exhibited
negative phototaxis, ie., spread from the centre of the blue
light spot to the surrounding area (Fig. 3a and Mov. S27).
Besides, we also characterized the motion behaviour of the
PPy/ZIF-8 micromotors at other different wavelengths of light
(808 nm and 365 nm). At the same light intensity of 0.6 W
em~? in Fig. 3b and Mov. S2,f the micromotors showed a high-
speed motion of negative phototaxis under all three types of
light at an average speed of 2215 + 338 pm s~ ' (NIR light),
1301 + 203 pm s~ ' (UV light), and 780 + 161 pm s~ (blue
light), respectively. In contrast, the pure ZIF-8 particles main-
tained the Brownian motion state in the presence or absence
of the three kinds of light irradiation (Mov. S37). It is indicated
that the encapsulation of PPy NPs significantly improved the
motility of the micromotors. Once the light source was turned
off, the micromotors would gradually stop the light-induced
motion and resumed Brownian motion. As illustrated in
Fig. 3c, the speed of the light-driven micromotors can be
modulated on demand by adjusting the light intensity. When
the blue light intensity increased from 0.1 to 0.6 W cm™2, the
average speed of the micromotors increased significantly from
80 + 19 to 780 = 161 um s~ . These results demonstrate that
the motion behaviour and “on-off” movement of the PPy/
ZIF-8 micromotors can be controlled by the light source of
different wavelengths and intensities.

Nanoscale, 2023,15, 14165-14174 | 14167
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Fig. 3 Motion behaviour of light-driven PPy/ZIF-8 micromotors. (a) The
motion of PPy/ZIF-8 micromotors away from the centre of the blue light
spot (image was extracted from Mov. S2,1 the direction of motion is
indicated by the blue arrows). (b) Motion speeds of ZIF-8 and PPy/ZIF-8
(1 mg mL™) under the irradiation of NIR, UV, and blue light (0.6 W
cm™2), respectively. (c) Motion speed of PPy/ZIF-8 micromotors under
different intensities of blue light irradiation (1 mg mL™). (d) UV-vis-NIR
spectra of ZIF-8 and PPy/ZIF-8. (e) Change of the temperature of PPy/
ZIF-8 suspension (1 mg mL™) with time under NIR, UV, and blue light
irradiation (0.6 W cm™2), respectively. (f) Effect of PPy/ZIF-8 micromotor
concentration on the motion speed under blue light irradiation (0.6 W
cm™2). The error bars indicate the standard deviation (n = 3; mean +s.
d.).

Notably, PPy NPs have a wide light absorption band and
excellent photothermal conversion performance.”® Therefore,
ZIF-8  particles, PPy/
ZIF-8 micromotors exhibited a stronger light absorption
capacity and a broader NIR absorption band (Fig. 3d), which
can quickly and efficiently convert light energy into thermal
energy, thus triggering the negative phototaxis movement
caused by the photothermal effect. As shown in Fig. 3e, the
temperature of the suspension containing micromotors
increased sharply within the first 10 min exposure to NIR light
and then gradually slowed down when the light turned off.
When irradiated with UV or blue light, the suspension temp-
erature increased rapidly within the first 3 min and then
remained unchanged. The photothermal conversion efficiency
of UV light is higher than that of blue light, but both are much
lower than that of NIR light. The above results show that the
photothermal conversion ability of the micromotors is highly
dependent on the wavelength of light and determines the
motion ability (Fig. 3b and d). Hence, the distinct NIR adsorp-
tion and photothermal conversion ability of PPy is crucial for
triggering the fastest speed of the micromotors under NIR
light irradiation in our study. Given the widely accepted
mechanism that the concentration of photothermally active
particles is positively correlated with the heat generated by
light irradiation,>>' we also investigated the effect of the con-
centration of the micromotors on the light-driven speed, as
shown in Fig. 3f. Under the irradiation of blue light, the
motion speed of the micromotors increased almost linearly
with the concentration of micromotors. Additionally, the

compared with the pure

motion of photothermal micromotors can be triggered by the
asymmetric thermal effect or the natural convection of
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fluids.”>>* For the PPy/ZIF-8 micromotors we designed here,
they moved from a hot irradiated area to a cold unirradiated
area, which is consistent with the classic reported studies of
self-thermophoretic motion.>*> All the above results demon-
strated that the photothermal effect of PPy NPs powered the
negative phototactic motion of micromotors.

Z-axis motion of the PPy/ZIF-8 micromotors

PPy/ZIF-8 micromotors not only exhibited a negative photo-
taxis but also had the ability to slowly self-float up without
light exposure. Fig. 4a shows how the suspension containing
micromotors changes from opaque to transparent over time,
i.e., the micromotors eventually aggregate on the top of the
suspension to form dense black clusters due to the self-float-
ing. Specifically, the suspension was cloudy and opaque when
initially added to the cuvette, and the micromotors would
slowly self-float up under static treatment (Fig. 4al). After
20 min, a few micromotors were observed floating up to the
top of the suspension (Fig. 4a2). Subsequently, the self-floating
of micromotors will continue. After 2 h, it was observed that
many micromotors had floated to the top of the suspension,
and some were floating (Fig. 4a3). It was worth noting that the
continuous generation of many tiny bubbles was observed
throughout the self-floating process.

Based on the negative phototactic motion of the micromo-
tors triggered by the photothermal effect under three types of
light irradiation, the effect of illumination on the Z-axis
motion was studied, as shown in Fig. 4b. Herein, blue light
was selected as the light source and came from the bottom of
the cuvette to trigger the Z-axis motion of the micromotors. As
presented in Fig. 4b1, the suspension was initially in an

(a)
(i (a2) , 20min (a3) , 120 min
M
(b)
(b1) - Qmin

i

Fig. 4 Z-axis motion of PPy/ZIF-8 micromotors. (a) Slow self-floating
of PPy/ZIF-8 micromotors (1.5 mg mL™) under static conditions; (al-a3)
optical images illustrating the suspension state at 0, 20, and 120 min. (b)
Incident blue light (0.6 W cm™) from the bottom of the suspension to
accelerate the Z-axis movement of PPy/ZIF-8 micromotors (1.5 mg
mL™Y); (bl and b2) optical images illustrating the suspension state at O
and 20 min during blue light irradiation; (b3) an enlarged image of (b2)
showing the formation of bubbles.

This journal is © The Royal Society of Chemistry 2023
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opaque state similar to Fig. 4al. Then, under light irradiation,
the micromotors would move rapidly in the Z-axis direction,
playing a role of micro-stirring and producing more bubbles
throughout the process. After 20 min blue light irradiation,
almost all the micromotors moved to the top of the suspen-
sion, forming a thick black layer of micromotor clusters
(Fig. 4b2). Simultaneously, many large bubbles can be clearly
observed at the edge of the top of the cuvette (as shown in
Fig. 4b3, marked by the red arrow). Additionally, the time
required for the micromotors to move to the top of the suspen-
sion entirely is inversely proportional to the light intensity,
indicating that the Z-axis movement capability of the micromo-
tors can be controlled by modulation of the light intensity
(Fig. S37).

In addition, we pipetted the suspensions at the top of the
cuvette at 0 and 20 min during the blue light irradiation and
characterized them under an optical microscope, respectively.
As illustrated in Fig. 5a and b, it is evident that there were only
a small number of micromotors at the top of the suspension
prior to illumination. In contrast, PPy/ZIF-8 micromotors gath-
ered at the top and arranged closely after 20 min of blue light
irradiation. Therefore, we concluded that the micromotors
could move in the Z-axis direction with or without light
irradiation and eventually float on the top of the suspension
for a long time. Moreover, light irradiation could accelerate the
movement of the micromotors in the Z-axis. In our view, the
reasons for the above phenomenon are the following: as
shown in Fig. 5c, pure ZIF-8 had a water contact angle of 96.3
+ 1.1°, while the water contact angle of the PPy/
ZIF-8 micromotor increased to 150.0 + 1.5°, i.e., superhydro-
phobicity (Fig. 5d). The PPy/ZIF-8 micromotors had a large
number of pores and channels inherent to ZIF-8. In the
absence of light irradiation, when the micromotor was dis-
persed in water, a stable solid-liquid-gas three-phase interface
would be generated at the microporous structure due to its
superhydrophobicity. Along with the time, the stored gas
limited inside the micromotor transformed into microbubbles,
increased the buoyancy of the micromotor against gravity, and

3 ;
7 20pm

[N

(c) (d) ca=150.0 + 1.5°
CA=96.3%1.1°

Fig. 5 Optical microscopy images of the top suspension (both pipetting
20 pl) of the light irradiation group at (a) 0 min and (b) 20 min (corres-
ponding to Fig. 4bl and b2, respectively). Water contact angles of (c)
pure ZIF-8 and (d) PPy/ZIF-8 micromotors.
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led to the micromotors float up spontaneously. When the blue
light came from the bottom of the cuvette, the micromotors
converted the absorbed light energy into heat energy, expand-
ing a large number of stored microbubbles and further
increasing the buoyancy of the micromotor. Additionally, the
micromotors acted as a heat source. A temperature gradient
was produced between the illuminated and non-illuminated
areas upon blue light exposure, resulting in strong liquid con-
vection between cold and hot solvent molecules (that is, the
ultrafast motion observed in microscopy). Hence, the rapid
stirring and upward motion of the micromotor in the Z-axis
direction are determined by the heat transfer between the hot
and cold solvent molecules and the increased buoyancy due to
the thermally induced rapid expansion of the stored
microbubbles.

Antibacterial performances of the PPy/ZIF-8 micromotor in
water sterilization

Staphylococcus aureus (S. aureus), commonly found in waste-
water, was selected as the bacteria model to test the antibacter-
ial performance of ZIF-8 and PPy/ZIF-8 micromotors in
aqueous environments. As shown in Fig. 6a, the colony
forming unit (CFU) counting method was used to quantitat-
ively analyse the antibacterial effectiveness with different treat-
ments, and the corresponding results are shown in Fig. 6b.
Specifically, S. aureus treated with sterile water as the control
group showed a very low antibacterial rate under both light
irradiation and dark room standing conditions. It was found
that a small amount of PPy/ZIF-8 micromotors self-floated to
the top of the suspension in the dark room static treatment
group, while ZIF-8 did not exhibit a self-floating phenomenon.
The corresponding antibacterial rates were 27.49% and
23.17%, respectively. However, under light irradiation, the PPy/
ZIF-8 micromotors showed rapid stirring motion in the Z-axis
direction and eventually moved to the top of the suspension,
while the motion of ZIF-8 was not observed. The corres-
ponding antibacterial rates were increased to 98.89% and
66.73%, respectively. The above experimental results indicated
that the rapid stirring and upward motion of PPy/
ZIF-8 micromotors triggered by the photothermal -effect
further enhances the antibacterial performance of PPy/
ZIF-8 micromotors.

ZIF-8 is unstable in aqueous environments, releasing Zn**
into the aqueous solution, and its decomposition rate would
be accelerated by light irradiation:**™**

Zn(mIm), + 2H,0 < Zn>" 4+ 2HmIm + 20H".

Besides, Zn>" had been widely proven as a highly desirable
antibacterial agent,*>*®>¢ which could induce cell deformation
or cell wall rupture, resulting in cytoplasmic leakage and the
creation of an alkaline microenvironment, thereby achieving
the purpose of growth inhibition or death of the bacteria.

To clarify the spontaneous disintegration behaviour of
ZIF-8 and PPy/ZIF-8 micromotors in an aqueous environment
and the underlying antibacterial mechanism, the Zn>* concen-
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different treatment conditions in the antibacterial experiment: S. aureus
after sterile water treatment under (d1) blue light irradiation and (d2)
dark room standing conditions; (e) the top of the suspension treated
with PPy/ZIF-8 micromotors (live/dead S. aureus cells marked by the
white/red arrows, respectively); and (f) the PPy/ZIF-8 micromotor with a
partially decomposed surface (broken holes marked by the yellow
arrows) under blue light irradiation. All the above blue light was used
with an intensity of 0.3 W cm™2, and the dark room standing treatment
time was 30 min. The error bars indicate the standard deviation (n = 3;
mean + s.d.). (g) Schematic diagram illustrating the motion and antibac-
terial mechanism along with time from t; to ts.

tration in the aqueous solution under light irradiation/dark
room standing conditions was characterized, and the corres-
ponding SEM images related to antimicrobial experiments
were recorded. The release amount of Zn>" is provided in
Fig. 6¢c. Under dark room standing conditions, the released
amount of Zn>" from ZIF-8 and PPy/ZIF-8 micromotors was
0.13 and 0.15 mg L™, respectively, indicating that ZIF-8 and
PPy/ZIF-8 micromotors released roughly the same amount of
Zn>*. Nevertheless, the PPy/ZIF-8 micromotors (27.49%)
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showed slightly stronger antibacterial ability than ZIF-8
(23.17%), which may be due to the fact that the PPy/
ZIF-8 micromotors entrained a small amount of bacteria
during the self-floating process. However, under light
irradiation, the release amount of Zn>" from the PPy/
ZIF-8 micromotors significantly increased from 0.48 mg L ™" to
1.18 mg L7, but the amount of Zn** released from ZIF-8
remained basically unchanged. The different release amounts
of Zn** were mainly attributed to the light-boosted self-
decomposition and the rapid motion of the PPy/
ZIF-8 micromotors triggered by the photothermal effect.
Meanwhile, the antibacterial ability of PPy/ZIF-8 micromotors
(98.89%) was much stronger than that of ZIF-8 (66.73%),
owing to the synergistic antibacterial effect by the rapid stir-
ring and Z-axis motion of PPy/ZIF-8 micromotors, ie., the
release of a large amount of Zn** and the entrapment of some
bacteria. As illustrated in Fig. 6d, the S. aureus cells treated
with sterile water were plump, and the surface was smooth
under light irradiation/dark room standing conditions, indi-
cating that their activity was unaffected. Significantly, as
shown in Fig. 6e, the SEM images of the top suspension after
the antibacterial process using the PPy/ZIF-8 micromotors
under blue light irradiation showed that the surface of most
S. aureus cells was sunken and wrinkled (marked by the red
arrows), indicating the damage of cell structure and the loss of
metabolism. Only a few S. aureus cells had typical structures
and maintained the original active state (marked by the white
arrow). Notably, as illustrated in Fig. 6f, the partial PPy/
ZIF-8 micromotors presented a surface with damaged holes,
demonstrating the accelerated release of Zn>* under light
irradiation. Thus, the light-driven PPy/ZIF-8 micromotors
exhibited excellent antibacterial abilities mainly due to the
promoted Zn>" release by the incident light, light-induced stir-
ring movement, and a particular synergistic antibacterial effect
where some bacteria were physically entrapped during the
ascending motion of the micromotors (Fig. 6g).

Conclusion

In summary, PPy/ZIF-8 micromotors with a multi-wavelength
light response and excellent antibacterial abilities were pre-
pared through a simple in situ encapsulation method.
ZIF-8 microparticles and PPy/ZIF-8 micromotors only exhibited
simple Brownian motion without light irradiation. When
exposed to three different wavelengths of light sources, the
ZIF-8 particles maintained the Brownian motion state. In con-
trast, the PPy/ZIF-8 micromotors exhibited rapid negative
phototaxis motion at average speeds of 2215 + 338 pm s~ (NIR
light), 1301 + 203 pm s~' (UV light), and 780 + 161 pm s
(blue light), respectively, indicating the crucial role of PPy NPs
in the movement. A series of experiments proved that the
photothermal ability of micromotors is highly dependent on
the wavelength of light, determining the subsequent motion
ability. The concentration of micromotors has a positive linear
effect on the motion velocity. Besides, the PPy/
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ZIF-8 micromotors exhibited the self-floating ability due to the
inherent superhydrophobic properties with the encapsulation
of PPy, resulting in the buoyancy increase when the micromo-
tors were dispersed in water, where the stored gas could trans-
form into bubbles. Under light irradiation, the rising tempera-
ture could accelerate this process, resulting in a faster upward
motion to the surface of the suspension. The micromotors
exhibited a strong antibacterial ability of 98.89% as an antibac-
terial agent against the common bacteria (S. aureus) in waste-
water within 30 min, mainly due to the synergistic effect under
light irradiation, i.e., the boosting release of Zn>" by light, the
light-induced fast stirring motion, and the physical entrap-
ment during the ascending motion. Our study enlightens the
significance for the future design of light-driven 3D-motion
MOFtors and provides an effective solution for potential waste-
water sterilization.

Experimental

Chemicals

Iron chloride hexahydrate (FeCl;-6H,0, 99%), pyrrole (Py,
99%), sodium formate (HCOONa, 99.5%), and 2-methyl-
imidazole (C;HeN,, 99%) were purchased from Shanghai
Macklin Reagent Co., Ltd. Poly(vinyl alcohol) (PVA, M, ~
31000) and zinc nitrate hexahydrate (Zn(NOs),-6H,0, 99%)
were purchased from Aladdin Industrial Corporation. Ethanol
(CH3CH,O0H, >99.9%) and methanol (CH3;OH, >99.9%) were
purchased from Hangzhou Gaojing Fine Chemical Industry
Co., Ltd. All chemical reagents were used without further puri-
fication. Ultrapure deionized water (18.2 MQ cm) was used
throughout all the experiments.

Preparation of PPy NPs

PPy NPs were prepared following a previously reported
method.*® Briefly, 1.5 g of PVA was added to 20 mL of de-
ionized water. Then the solution was placed in a thermostatic
water bath at 60 °C with a magnetic stir bar until the PVA com-
pletely dissolved, followed by cooling to room temperature.
Then 1.2434 g of FeCl;-6H,0 was dissolved in the mixture by
magnetic stirring at room temperature for 1 h. After another
1 h to allow equilibration, 140 pL of Py solution was added
dropwise into the aqueous PVA/FeCl; solution. Then the
mixture was transferred to a low-temperature reaction tank,
and the polymerization was performed under magnetic stir-
ring at 5 °C for 24 h. The resulting product was separated from
the dispersion solution by centrifugation and washed three
times with deionized water to remove impurities. A black PPy
NP powder was obtained by drying the precipitate in a vacuum
oven at room temperature for 12 h.

Preparation of PPy/ZIF-8 micromotors and ZIF-8

For the preparation of PPy/ZIF-8 micromotors, an in situ encap-
sulation method was used. Concisely, 8 mg of the as-obtained
PPy NPs were added to 20 mL of deionized water and dis-
persed by ultrasonic treatment at room temperature for 3 h,
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and then 0.29 g of Zn(NO;),-6H,O was dissolved in the
mixture by ultrasonic treatment for 20 s to obtain mixed solu-
tion A. 2.27 g of 2-methylimidazole and 0.269 g of sodium
formate were added to another 20 mL of deionized water.
Mixed solution B was obtained by ultrasonically dispersing the
mixture at room temperature for 2 min. Afterwards, the above
solutions of A and B were mixed and homogenized by ultra-
sound for 5 min and then stood at 60 °C for 2 h. The precipi-
tate was collected by centrifugation, washed twice with ethanol
and methanol to remove the remaining reactants, and dried in
a vacuum oven for 12 h to obtain a dark grey PPy/ZIF-8
powder.

The preparation of ZIF-8 is similar to the method of synthe-
sizing PPy/ZIF-8. The only difference is that PPy NPs were not
added during the synthesis.

Characterization

The morphologies of the particles were captured by using
field-emission scanning electron microscopy (FESEM, Hitachi
S-4800, Japan). Transmission electron microscopy (TEM)
images were recorded using a JEM-2100. Powder X-ray diffrac-
tion (XRD) patterns were obtained using a Bruker Focus D8
Phaser system with a Cu Ka radiation of 1.54178 A, operating
at 40 kv and 40 mA. The infrared spectrum of the as-syn-
thesized particles was recorded using a Fourier transform
infrared spectrometer (FTIR, Nicolet 6700). Nitrogen adsorp-
tion studies were performed with a Quantachrome Autosorb
IQ3 analyzer at 77 K after the two samples were degassed at
120 °C for 8 h. Pore size distribution data were obtained using
a nonlocal density functional theory (NLDFT) model. Zeta
potentials were measured in water at pH 7 using a Malvern
Zetasizer Nano ZS90. Absorbance spectra of the samples were
recorded using a UH4150 UV/Vis/NIR spectrometer. The temp-
erature changes of the PPy/ZIF-8 suspension were recorded
using an infrared thermometer. Contact angle measurement
was performed on a Dataphysics OCA 25 instrument.

Light-driven motion record and analysis

The powders of ZIF-8 and PPy/ZIF-8 were dispersed in de-
ionized water before the test, respectively. 100 pL of suspen-
sion containing samples of different concentrations was
dropped onto a glass slide. The light irradiation provided by
an external point light source illuminator, including NIR
(808 nm)/blue (470 nm)/UV (365 nm) light, was used to excite
the motion. An inverted optical microscope (ICX41-FLEDT,
Ningbo Sunny Instruments Co., Ltd.) coupled with a 20x objec-
tive was used for observation and video recording. The light
intensity was measured using a Thorlabs PM100USB optical
power density meter. Unless otherwise stated, the intensity of
the light source driving the sample was 0.6 W cm™>. Videos
with a typical length of 10 s were taken using a Point Grey
camera (BFS-U331S4M-C) mounted on the microscope at a
frame rate of 20 per second (20 fps), and the motion was ana-
lysed using the free MTrack] plugin in the Image] program.
The average speed calculated in this work is the motion speed
on the XY planes, ie., Vy,, due to the difficulty in the motion
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measurement in the Z direction (Fig. S41). The average speed
was calculated from more than 60 MOFtors under every con-
dition, and the error bar was presented using the standard
error of the mean.

Each suspension containing 3.8 mL of PPy/ZIF-§8 (1.5 mg
mL ") was added to two fully transparent cuvettes (4.5 mL) to
explore the Z-axis motion of the PPy/ZIF-8 micromotors on the
macro scale. One group was irradiated with blue light (0.6 W
cm™?) from the bottom of the cuvette, and the other group was
left standing in a dark room without light. After 20 min, the
light was removed to observe the evolution of the two groups
of suspensions. 20 pL of the suspension at the top of the light
group was pipetted at 0 min and 20 min, respectively, and
placed under an optical microscope to evaluate the number of
micromotors. The relationship between the light intensity and
the time required for the PPy/ZIF-8 micromotors (1.5 mg
mL™") completely floating to the top of the suspension was
studied.

Antibacterial performance tests

Staphylococcus aureus (S.aureus), a common bacterium in
wastewater, was selected as the target model bacteria to evalu-
ate the antibacterial performance of the PPy/
ZIF-8 micromotor. The bacterial strains were incubated with
shaking in Luria-Bertani (LB) liquid medium at 37 °C. Each
260 pL of bacteria (the concentration was 10° CFU mL ™)
diluted with sterile water was added to four cuvettes of 3.8 mL
of suspensions containing ZIF-8 or PPy/ZIF-8 (the final concen-
tration was 0.38 mg mL ") for the antibacterial test. Specific
tests were performed under four conditions: (1) standing in a
dark room, ZIF-8 + bacteria; (2) light irradiation, ZIF-8 + bac-
teria; (3) standing in a dark room, PPy/ZIF-8 + bacteria; (4)
light irradiation, PPy/ZIF-8 + bacteria. The above illumination
treatment refers to irradiating with blue light (0.3 W cm™?)
from the bottom of the cuvette. After the antibacterial process
for 30 min, 20 pL of suspensions near the bottom of the
cuvette were dipped on an LB agar plate and incubated at
37 °C for 24 h. The viability of bacteria was quantitatively ana-
lyzed by the colony forming unit (CFU) counting method.

To identify the antibacterial performance of the four con-
ditions, two sets of control experiments were carried out under
the above same experimental conditions: the difference is that
the suspension containing antibacterial agents (ZIF-8 or PPy/
ZIF-8) was replaced with an equal volume (3.8 mL) of sterile
water, and treated in a dark room or light irradiation for
30 min. All the data of bacterial viability were determined from
three parallel experiments and expressed as the mean + stan-
dard deviation.

Zinc ion (Zn>") release test

To study the release amount of Zn>* from ZIF-8 or PPy/ZIF-8
under light irradiation/dark room conditions, the above four
groups of suspensions containing ZIF-8 or PPy/ZIF-8 were pre-
pared and treated with standing in a dark room or light
irradiation (blue light, 0.3 W cm™?) for 30 min, respectively.
Then, the supernatant of each group was collected by centrifu-
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gation, and the contents of Zn>" in the supernatant were
measured by ICP-MS (iCAP Qc, ThermoFisher Scientific).

Observation of the bacterial morphology

SEM was used to observe the changes in the bacterial mor-
phology of the antibacterial agents. The collected suspension
containing bacteria was fixed overnight with a 2.5% glutaralde-
hyde stationary solution at 4 °C. Ethanol with concentrations
of 30%, 50%, 70%, 90% and 100% (15 min each) was used to
dehydrate the samples containing bacteria sequentially.
Eventually, the samples were sputtered with platinum coating
for SEM images.
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