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Light-driven directional motion is common in nature but remains a challenge for synthetic
microparticles, particularly regarding collective motion on a macroscopic scale. Successfully
engineering microparticles with light-driven collective motion could lead to breakthroughs in
drug delivery, contaminant sensing, environmental remediation, and artificial life. Herein,
metal-phenolic particle microswimmers capable of autonomously sensing and swimming
toward an external light source are reported, with the speed regulated by the wavelength and
intensity of illumination. These microswimmers can travel macroscopic distances
(centimeters) and can remain illuminated for hours without degradation of motility.

Experimental and theoretical analyses demonstrate that motion is generated through chemical

transformations of the organic component of the metal-phenolic complex. Furthermore, cargo
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with specific spectral absorption profiles can be loaded into the particles and endow the
particle microswimmers with activated motion corresponding to these spectral characteristics.
The programmable nature of the light navigation, tunable size of the particles, and versatility

of cargo loading demonstrate the versatility of these metal-phenolic particle microswimmers.

Phototaxis, the directional motion toward or away from light, is a natural phenomenon that
has inspired the construction of synthetic light-steered particle microswimmers, using
different mechanisms for motility including catalysis, photothermal effects, and molecular

[1-6

conformational transformation!'~® for applications such as remediation!’! and drug delivery.!®!

Still, precise control over both direction and speed is challenging, especially across large

%101 Herein, we use Zn>" and ellagic acid to design

length scales (e.g., centimeter scale).!
metal-phenolic particle microswimmers capable of autonomously sensing and swimming
toward an external light source (positive phototaxis) at both microscopic and macroscopic
scales. The speed of motion is regulated by the solvent and the wavelength and intensity of
illumination. Furthermore, the incorporation of cargo allows for multi-wavelength actuation.
The experimental and theoretical analyses demonstrate that motion is generated through
conformational transformation of the phenolic ligands upon illumination, which generates a
large twist in the planar molecule to propel the particles forward. The complex and responsive
nature of motility demonstrated in this work advances research in the development of adaptive
autonomous microsystems.!!1:12]

Metal-phenolic materials have recently received interest owing to their versatile
coordination chemistry!'*! and promise in various environmental and biological
applications.['* The metal-phenolic particle microswimmers synthesized in the present work
were obtained by mixing the phenolic ligand ellagic acid (EA) with zinc acetate in N-methyl-

2-pyrrolidone (NMP) solution, triggering the coordination-driven self-assembly of porous

crystalline particles with a high yield (~90% by mass) (Figure 1). The successful
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coordination between EA and zinc ions (Zn**) was confirmed by the elemental composition of
the particles and disappearance of characteristic O—H vibration peaks (~3144 cm™') in the
Fourier transform infrared spectrum of the particle microswimmers (Figure S1 and S2). The
diameter of the particle microswimmers was tuned from 1 to 4 pm by adjusting the
concentration of the starting precursors (Figure S3). Hereafter, particle microswimmers with
uniform dispersity and a diameter of 3 pm (Figure 1c, d) are discussed. Powder X-ray
diffraction (XRD) patterns showed that the particle microswimmers were crystalline, with a
distinct crystallinity from that of the two precursors (Figure 1e). Similar to many other

[15] the particle microswimmers were porous—nitrogen

crystalline metal-organic materials,
adsorption analysis revealed a bimodal hierarchical nanopore architecture with pore sizes of
~8 and ~12 nm and a surface area of 33.1 m* ¢! (Figure S4).

Controlling the velocity, that is both the direction and speed, has been sought after in
micromotor research as this allows for a wider variety of potential applications.['®! Stimuli
other than light, such as magnetic fields and chemical gradients, are often used to control the
velocity of microswimmers for various applications; however, light has the potential to offer
numerous avenues for tuning the velocity of microswimmers (e.g., intensity, wavelength,
direction).['”:!®8 The particle microswimmers displayed positive phototaxis under ultraviolet
(UV) light at both the microscopic and macroscopic scales in NMP. Movement of the particle
microswimmers toward UV light was apparent with the naked eye (macroscopic scale)
(Figure 2a). As observed under the microscope, exposure of the particle microswimmers
(dispersed in NMP) to UV light (~365 nm) caused the particle microswimmers to move
toward the focal point of illumination (Figure 2b, c and Movie S1). In contrast, exposure to
white (broad spectrum), blue (~470 nm), green (~535 nm), or orange (~620 nm) light failed to
induce a response in the particle microswimmers (Figure 2d, Figure S5, Movie S2).

Furthermore, the autonomous directional motion of the particle microswimmers could be

repeatedly activated and deactivated by turning the light on and off, respectively, without any
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reduction in speed across subsequent “on” and “off” steps (Figure 2e, Movie S3). The
movement speed of the particle microswimmers increased linearly up to 102 pum s ™' as the
light intensity increased to 0.60 mW c¢m 2 (Figure 2f, Figure S6). Photothermal effects were
ruled out as the temperature of the suspension did not increase over time (Figure S7), and
photothermal micromotors typically move away from light, rather than toward light.[*!"]
Advanced self-propelled systems have been developed based on the photoreactions of
organic molecules, which thereby induce mechanical motion, including walking, bending,

[620-221 To gain a further understanding of the phototaxis of the

rotation, and organization.
particle microswimmers, the experiments were performed in five different solvents of varying
polarities, that is water, 1-butanol, dimethyl sulfoxide (DMSO), dimethylformamide (DMF),
and 1,4-dioxane (Movie S4). The results showed that the motion and speed of the particle
microswimmers was dependent on the polarity of the solvent (Table S1, Figure S8 and S9),
which suggests that the positive phototaxis is likely driven by the conformational
transformation of EA at the molecular level when exposed to UV illumination. Specifically,
the speed correlated inversely with the polarity of the solvent, whereas no distinct correlation
was observed with the viscosity and refractive index of the solvent or the fluorescence of the
particle microswimmers (Table S1).

Quantum mechanics (QM) calculations in DMF were performed to identify the possible
chemical reaction pathways of free EA under UV light. The findings as illustrated in Figure
3a revealed the occurrence of a transition in EA upon exposure to UV illumination at ~365
nm, resulting in an excited-state structure with a single proton transferred from the adjacent
hydroxyl group to the ether oxygen. In the photo-induced proton transfer intermediate
structure, the distance between the remaining ether oxygen and the adjacent hydroxyl proton
is reduced by 0.15 A relative to that in the initial structure (Figure S10). This conformation

affords a possible non-radiative structural relaxation pathway, where a second proton transfer

occurs coupled with a twist (~55°) in the structure as a short-lived double ketene is formed,

4
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producing rapid and reversible twisting. The dark side of the particle microswimmers (side
farthest from the light source) has a higher likelihood to fully relax and can therefore undergo
more propulsive transformations. Altogether, these pathways lead to movement of the particle
microswimmers toward UV light.

The effect of the EA transition pathway on motion was further elucidated by performing
the same calculations in the other four different solvents (Table S2). For the aprotic solvents
(DMSO, DMF, and 1,4-dioxane), the transformation pathway, which involves a photo-
induced proton transfer and a second proton transfer relaxation pathway, required less energy
than that in the polar protic solvents (water and 1-butanol). Moreover, in the aprotic solvents
there was a large (~55°) twist in the resulting chemical structure after transition as opposed to
the slight-to-no twist and higher-energy products observed in the protic solvents. This analysis
confirmed the experimental results, which showed that the light-induced movement is more
favorable in low polarity solvents (Table S1). Collectively, these results demonstrate that the
chemical environment, which determines the threshold energy for proton transfer and
subsequent molecular twist to occur, offers an additional route for modulating the motility of
the particle microswimmers.

Under prolonged UV light illumination (e.g., >12 h), the micromotors eventually lost
motility as seen under the microscope (Figure S11, Movie S5). This loss of movement, along
with the reduced mobility and impaired molecular twist in protic solvents, suggested that the
presence of trace water could react with EA to form hexahydroxydiphenic acid (HHDP).[>*]
Therefore, 'H NMR spectroscopy was used to examine molecular changes in free EA before
and after UV illumination. After UV illumination, two new peaks (11.34 and 11.86 ppm)
emerged in the EA spectrum. The former peak was assigned to the newly formed hydroxyl
group and the latter peak to the carbonyl group attached to the benzene group (Figure 3b,
Table S3), confirming the formation of HHDP. The ratio between the areas of the peak

corresponding to the hydroxyl group (11.34 ppm) and the peak corresponding to the proton
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attached to the benzene ring (7.45 ppm) increased steadily to 1 with increasing illumination
time (Figure 3c), suggesting gradual transformation of EA to HHDP. Owing to limitations in
performing 'H NMR studies on microparticles, Fourier transformed extended X-ray
absorption fine structure (EXAFS) and Raman spectroscopy were used to investigate changes
in the molecular structure at the atomic level and chemical structure of EA in the particle
microswimmers. The Fourier transformed EXAFS spectra demonstrated a slight
rearrangement in the position of scattering atoms adjacent to the zinc metal center the in the
metal-phenolic (EA-Zn) particle microswimmers after 12 h of UV illumination (Figure 3d).
This was likely due to the chemical change of EA after illumination, leading to an increased
distance between the Zn atom and its nearest neighbors, which indicates the occurrence of
conformational changes. The Raman spectra showed that the intensity of the peak
corresponding to the benzene ring stretching (1580 cm™!) increased gradually with increasing
UV exposure time, whereas the C=0 stretching peak (1700 cm™') remained largely unchanged
(Figure 3e). The ratio between the intensities of these two peaks increased steadily with
increasing exposure times up to 6 h, after which a plateau was reached (Figure S12).
Collectively, these results support the QM predictions of light-induced conformational
changes of the phenolic ligand and demonstrate that the particle microswimmers eventually
lose their ability to move upon permanent transition of EA to HHDP.

To determine the broad applications of the particle micoswimmers, we examined the
transport of cargo in the particle microswimmers in response to different light wavelengths.
Specifically, the pores of the particle swimmers were loaded with aromatic cargo via
interactions with the accessible metal binding sites and aromatic rings of EA likely through n—
n stacking and/or metal—organic interactions. Three different commonly used functional
molecules, i.e., juglone (Jug), doxorubicin (Dox), and rhodamine b (RhB) were chosen as
cargo molecules (Figure 4a and Figure S13). Successful post-loading via incubation was

confirmed by color changes of the particle microswimmers (Figure 4c). The loading
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efficiencies varied between 15 and 99% depending on the cargo molecule and loading
concentration, and the final content of the cargo varied between 1 and 12% (Table S4, Figure
S14). Importantly, the loaded cargo did not compromise the motion of the particle
microswimmers under UV illumination (Figure 4d, e, Figure S15-S17, Movie S6-S8).
Controlling micromotors with different wavelengths of light is important for the
completion of complex tasks that require different subsets of micromotors to perform
different roles in the same media.l** As Jug, Dox, and RhB have distinct absorption properties
(Figure S18), the absorption of different wavelengths of light by the cargo and related energy
transfer to the particle microswimmers enabled modulation of the speed of the particle
microswimmers toward the light. Raman spectroscopy with Jug as model cargo demonstrated
a strong shift in the ~OH vibration (from 1374 to 1337 cm™") after loading, indicating metal—
organic coordinative interactions between Jug and Zn (Figure S19). Similar coordinative
interactions could occur for Dox and RhB owing to their metal chelation sites (e.g., carbonyl
groups and hydroxyl groups). The coordinative bond with Zn provides connected electrons,
which likely enables energy transfer from aromatic cargo to EA during excitation. The non-
loaded particle microswimmers exhibited positive phototaxis only upon exposure to UV light,
whereas the cargo-loaded particle microswimmers selectively moved toward light with
specific wavelengths corresponding to the absorption peaks of the cargo. Moreover, the broad
absorption of Dox and RhB enabled the cargo-loaded particle microswimmers to display
positive phototaxis under multiple channels of light (blue, green, and orange), with the speed
regulated by the illumination wavelength and the light absorption properties of the cargo
(Figure 4f, Figure S15-S17, Movie S6-S8). The results demonstrate that the metal-phenolic
particle microswimmers are readily post-modified for distinct spectral responses simply by
selecting the appropriate cargo. This flexibility has the potential to allow for the generation of
different “species” of microswimmers each capable of moving toward different combinations

of light wavelengths. To demonstrate their potential use in biomedical applications, the native
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metal-phenolic microswimmers and Dox-loaded microswimmers were incubated with HeLa
cells for 48 h. Notably, the native metal-phenolic microswimmers showed negligible
cytotoxicity (Figure S20), suggesting good biocompatibility. In contrast, the Dox-loaded
microswimmers exhibited enhanced cancer cell killing capability, comparable with free Dox,
demonstrating the potential of the microswimmers for drug delivery.

We have presented a synthetic metal-phenolic particle microswimmer with rapid and
sustained positive phototaxis. Our experimental and computational calculations provide
insights into the mechanism behind the light-induced motion of these particle
microswimmers. The metal-phenolic particle microswimmers present several advantages,
including: 1) simple and robust synthesis; ii) highly controlled direction and speed of
movement (i.e., velocity) owing to the spatial and temporal precision of light;?*! iii) versatile
cargo loading into the particle pores; and iv) programmable spectral response via cargo
encapsulation. This work introduces a highly controllable particle microswimmer with
promise for diverse applications in fields including robotics,!'!! drug delivery,’® and
environmental applications.!”!
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Figure 1. Preparation and characterization of metal-phenolic particle microswimmers. (a)
Schematic illustration of the synthesis of the particle microswimmers. (b) Schematic
illustration of the light-induced motion of the metal-phenolic microswimmers. (c, d) Scanning
electron microscopy images of the particle microswimmers at low and high magnification,

respectively. (e) XRD patterns of the metal-phenolic particle microswimmers, zinc acetate,
and EA.
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Figure 2. Light-steered positive phototaxis of metal-phenolic particle microswimmers. (a)
Photographs showing vials containing the particle microswimmers before and after incubation
under ambient conditions (no UV exposure, UV (—)) or UV light from the left side (UV (+,
left)) or right side (UV (+, right)) of the vials for 9 h. The scale bar for all photographs is 1
cm. (b, ¢) Schematic illustrations and representative microscopy images showing the motion
of the particle microswimmers near the edge (b) and at the centre (c) of an NMP droplet
containing the particle microswimmers under UV illumination (~365 nm). (d) Schematic
illustration and representative microscopy images of the metal-phenolic particle
microswimmers in an NMP droplet exposed to white light. In (b)—(d), the red circles represent
the initial positions of the particle microswimmers and the arrows indicate the direction of
motion. The microscopy images were captured at 0.1 s after exposure to UV (or white) light.
ROI, region of interest. (¢) Speed of the particle microswimmers under “on”/“off” cycling of
UV light (light intensity: 0.30 mW c¢m2). Note that roughly 1 min was required for
convection to stop within the droplet and therefore the “off” speed is non-zero during rapid
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cycling. (f) Variations in the speed of the particle microswimmers (near the edge of the
droplet) as a function of UV light intensity. In (e) and (f), the values are the average speeds of
at least 50 particles at three randomly selected time points, the error bars represent the
standard deviations.
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Figure 3. Theoretical and experimental analyses of the mechanism of light-steered motion for
the metal—phenolic particle microswimmers. (a) Possible chemical pathway for the
transformation of EA under UV illumination; the excited state was approximated by QM
calculations in density functional theory. (b) "TH-NMR spectra of EA before and after UV
exposure for 0.5 h. (c) Ratio between the areas of the peak d" at 11.34 ppm and peak a’ at 7.45
ppm over irradiation time using 'H-NMR spectroscopy. (d) Fourier transformed EXAFS
spectra of the particle microswimmers before and after UV illumination for 12 h. (¢) Raman
spectra of the particle microswimmers after UV illumination for 0, 3, 6, and 12 h.
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Figure 4. Metal-phenolic particle microswimmers for versatile cargo loading and light-
steered motion under different light wavelengths. (a) Schematic showing the encapsulation of
different cargo, Jug, Dox, or RhB, in the particle microswimmers. (b) Features of the cargo-
loaded particles as microswimmers. (c) Photograph of the particle microswimmers before and
after loading with different cargos. (d) Photographs showing vials containing the cargo-loaded
particle microswimmers subjected to no UV illumination (—) or UV illumination (+) from the
left side of the vials. The scale bar for all photographs is 1 cm. (¢) Microscopy image showing
the motion of Dox-loaded particle microswimmers at the edge of an NMP droplet upon UV
light exposure (0.60 mW cm2); the red circles represent the initial positions of the particles
(before UV illumination) and the arrows represent the direction of motion of the particles. (f)
Speeds of non-loaded (EA-Zn) and Jug-, Dox-, or RhB-loaded metal-phenolic particle
microswimmers under different light wavelengths. N/A, not applicable.
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Metal-organic microswimmers with precise light-driven velocities have been engineered with
promise for robotics, drug delivery, and environmental applications. Various cargo with
distinct spectral absorption profiles can be loaded into the microswimmers to tune the specific
wavelengths of light that lead to motion under ultraviolet, blue, green, and orange light.
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Programmable Phototaxis of Metal-Phenolic Particle Microswimmers
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