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ABSTRACT: Photosensitizing agents have received increased attention from / i w06 v
the medical community, owing to their higher photothermal efficiency, p NIR light
induction of hyperthermia, and sustained delivery of bioactive molecules to
their targets. Micro/nanorobots can be used as ideal photosensitizing agents
by utilizing various physical stimuli for the targeted killing of pathogens (e.g.,
bacteria) and cancer cells. Herein, we report sunflower-pollen-inspired spiky ( / \
zinc oxide (s-ZnO)-based nanorobots that effectively kill bacteria and cancer '
cells under near-infrared (NIR) light irradiation. The as-fabricated s-ZnO was :a":",',‘:,‘,’,'{:,“, STHOmE AN
modified with a catechol-containing photothermal agent, polydopamine
(PDA), to improve its NIR-responsive properties, followed by the addition of
antimicrobial (e.g, tetracycline/TCN) and anticancer (e.g, doxorubicin/ / '\
DOX) drugs. The fabricated s-ZnO/PDA@Drug nanobots exhibited unique
locomotory behavior with an average speed ranging from 13 to 14 um/s
under 2.0 W/cm? NIR light irradiation. Moreover, the s-ZnO/PDA@TCN
nanobots exhibited superior antibacterial activity against E. coli and S. epidermidis under NIR irradiation. The s-ZnO/PDA@DOX
nanobots also displayed sufficient reactive oxygen species (ROS) amplification in B16F10 melanoma cells and induced apoptosis
under NIR light, indicating their therapeutic efficacy. We hope the sunflower pollen-inspired s-ZnO nanorobots have tremendous
potential in biomedical engineering from the phototherapy perspective, with the hope to reduce pathogen infections.
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1. INTRODUCTION

Localized delivery of chemotherapeutic drugs remains challeng-
ing for the medical community in combating pathogenic (e.g.,
bacteria and mold) infections and cancers. The conventional
strategy involves the untargeted delivery and bioaccumulation of
chemical drugs, leading to serious side effects in the human
body. Micro/nanoscale robots have recently received tremen-
dous attention to address this issue." Micro/nanobots are small-
scale tiny and biocompatible robots with versatile function-
alities.”” The use of micro/nanobots has been increasing rapidly
in the medical community owing to their ability to deliver
various therapeutic molecules (e.g., growth factors) and drugs
with tailorable surface functionalities, unprecedented muotility,
and tissue penetration abilities for targeted therapy.” These
micro/nanomotors can be manipulated via the application of
various biophysical stimuli, such as electric field," ® magnetic
field,”® ultrasound,”™"" or lightg’lz_14 stimuli.

Light or photoresponsive micro/nanobots have been widely
explored over the past few years. Light is a particularly powerful
source of micro/nanobot locomotion owing to its renewable,
cost-effective, and noninvasive nature.”> To fuel micro/nano-
bots using light, the structural composition must be considered.
Light-responsive photocatalytic nanomaterials can be used as
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energy-harvesting sources to generate motion in robots. For
example, multimaterial Janus micro/nanobots with photo-
catalytic properties, such as UV-light-activated TiO, and ZnO
nanostructures and visible-light-activated Fe,O; and bibased
nanostructures having a metal coating, could be used as ideal
light-fueled microbots for therapeutic applications."> Apart from
UV and visible light, near-infrared (NIR) can also be used as a
fuel source for NIR-responsive micro/ nanobots.'® The NIR-
triggered micro/nanobots not only act as a fuel source, but also
behave as a photosensitizer, which induces local hyperthermia
and reactive oxygen spec1es (ROS) for targeted killing of
pathogen and tumor cells."”

Artificial micro- and nanobots have been developed for
various biomedical applications inspired by natural biological
motors. For example, pollen and plant spores have emerged as
potential materials for drug delivery and could be used as
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catalysts owing to their biocompatibility, resistance to acids and
alkalis, and ability to withstand high temperatures.”' However,
when using chemical fuels, such as hydrogen peroxide (H,0,) 7
micro/nanobots exhibit potential toxicity to animal cells due to
the amplification of ROS. Consequently, various biocompatible
fuel sources, such as glucose, urea, and water, were relatively
biocompatible.”® Song et al.” reported that microbots from
Chrysanthemum flower pollen exhibited excellent motility owing
to the presence of a light source. This platform proved that
biomimetic materials with light as a power source are highly
biocompatible and promising for future biomedical applications.
Due to their unique spiky structures, pollen grains with various
micro/nanostructures are promising candidates for micro/
nanobot fabrication. In addition, there are several limitations to
using pollen-based micro/nanobots, such as size variability,
limited payload and degradability, immune response triggering,
and standardization and quality control challenges. However,
zinc oxide (ZnO) nanoparticles (NPs) have recently attracted
considerable attention because of their various structural
functionalities that can be tailored by regulating specific
chemical reactions. Spike-shaped micro/nanoparticles offer
several advantages over smooth surfaces. For example, utilizing
a smaller spike shape enables enhanced deep penetration,
increased drug encapsulation, improved catalytic activity,
enhanced light absorption, more excellent stability, custom-
izable properties, and easier control for the fabrication of micro/
nanobots.”* Dang et al.”® successfully demonstrated the role of
spiky ZnO (s-ZnO) NPs with outstanding anticancer properties.
This finding indicates that s-ZnO NPs are ideal micro- and
nanobot fabrication materials.

In this study, we fabricated light-responsive nanobots inspired
by sunflower pollen featuring a spiky ZnO/PDA composition
designed for bacterial eradication and cancer cell killing. The
fabrication involved the synthesis of ZnO particles with spiky
structures, which were subsequently coated with polydopamine
(PDA) to enhance the photosensitivity of the resulting s-ZnO/
PDA robots. Additionally, we synthesized round ZnO/PDA
nanoparticles to compare their structural differences with those
of the spiky structures. The drug-loaded nanobots exhibited
remarkable bactericidal and cancer-inhibitory effects under
near-infrared (NIR) light exposure. External control using an
808 nm NIR light facilitated the activation and steering of these
nanobots. In addition, the particles demonstrated substantial
photothermal efficiency at 2.0 W/cm?, ensuring their mobility
and effective killing activity. This conceptualization of the s-
ZnO/PDA@Drug nanobot design serves as a facile fabrication,
NIR responsive propulsion, and effective drug delivery to the
target and is capable of executing diverse tasks within a single
nanobot structure.

2. EXPERIMENTAL SECTION

2.1. Materials. Zinc nitrate hexahydrate (Zn(NO;),-6H,0, purity
> 98%) was purchased from Thermo-Fischer Scientific, U.S.A.
Dopamine hydrochloride, tetracycline hydrochloride (TCN), doxor-
ubicin hydrochloride (DOX, purity > 99%) were obtained from Sigma-
Aldrich, U.S.A. Sodium hydroxide (NaOH, purity > 98%) was
purchased from Alfa Aesar, France. Hydroxylamine hydrochloride
(NH,OH-HC], purity > 97%) and sodium chlorite (NaClO,, purity >
99%) was provided by Daejung, Republic of Korea. Glutaraldehyde was
obtained from Fischer Bioreagents, U.S.A. All of the chemicals were
used without any further modification unless stated elsewhere. Milli-Q_
water (182 mQ-cm™'@25 °C) was used for the dissolution of all
chemicals.

2.2. Synthesis and Characterization of s-ZnO and r-ZnO. s-
ZnO nanoparticles were synthesized according to a previously reported
method with minor modifications.”® Briefly, 2.84 g of zinc nitrate
hexahydrate (0.3 M) and hydroxylamine hydrochloride (0.347 g, 0.1
M) were dissolved in SO mL of distilled water. Next, a 3 M NaOH
solution was prepared and slowly poured into the as-prepared mixture
with constant stirring until the pH reached 12. After 30 min of stirring,
the aqueous solution was transferred to a refluxing pot, followed by
calcination at 90 °C for 20 min. The obtained powder was washed with
methanol three times and dried at room temperature to obtain an s-
ZnO powder. The crystalline structure of the s-ZnO was analyzed using
an X-ray diffractometer (X’Pert Pro MPD, Netherlands) with an
operating voltage of 40 kV and Cu K-alpha radiation (4 = 1.541 A). The
morphology of the particles was examined by using field-emission
scanning electron microscopy (FE-SEM; Jeol, Japan). The chemical
compositions of the synthesized particles were evaluated by using
Fourier transform infrared (FT-IR) spectroscopy (Frontier, Perki-
nElmer, U.K.).

Similarly, r-ZnO nanoparticles were synthesized using a previously
reported method with minor modifications.>® Briefly, 0.8925 g of zinc
nitrate hexahydrate (0.06 M) was dissolved in SO mL of deionized
water, and 0.24 g of NaOH (0.12 M) was added dropwise with vigorous
stirring. The pH of the solutions was measured at 10, and the mixture
was stirred constantly for S h. Subsequently, the aqueous precipitate
was washed three times with deionized water and calcined at 450 °C for
Shinan annealing furnace. The r-ZnO powder obtained was stored ina
dry place until further use. FE-SEM and EDS characterized the r-ZnO.

2.2.1. Fabrication of r/s-ZnO/PDA@TCN Nanobots. The function-
alization process was followed according to previous report with minor
modifications.” Initially, PDA was coated onto the ZnO NPs to prepare
the nanobots. ZnO (10 mg), DA-HCI (20 mg), and Tris-HCI (10 mL;
pH = 8.5; 5.0 mM) were mixed and reacted under vibration at 200 rpm
and 33 °C for 12 h. The product ZnO/PDA was washed with distilled
water by centrifugation and dried at room temperature. Subsequently,
the ZnO/PDA nanobots (10 mg) was suspended in H,0 (12 mL)
containing glutaraldehyde (GA; 12 uL; SO wt %). The mixture was then
incubated at 45 °C for 1 h to obtain GA-activated ZnO/PDA nanobots
and washed with deionized water to remove unbound GA molecules.
GA-activated ZnO/PDA nanobots were suspended in 12 mL of
tetracycline hydrochloride (1 mg/mL) and incubated at 45 °C for 1 h.
The resultant ZnO/PDA@TCN nanobots were rinsed five times with
deionized water and dried at room temperature.

2.2.2. Fabrication of r/s-ZnO/PDA@DOX Nanobots and Drug
Loading. For DOX loading, r/s-ZnO/PDA particles were resuspended
in 12 mL of deionized water containing 1.0 mg/mL doxorubicin for 24
h, 100 rpm, at room temperature. The resulting r/s-ZnO/PDA@DOX
nanobots were rinsed three times with deionized water and dried at
room temperature. The drug encapsulation efficiency was calculated by
the given formula:

wt of drug in nanoparticles
wt of drug in feed

X 100

drug encapsulation efficiency(%) =

The drug concentration was detected by an absorption quantitative
standard curve (absorption wavelength for TCN is 357 nm and for
DOX is 490 nm).

2.3. Photothermal Performance. The photothermal capabilities
of s-ZnO and s-ZnO/PDA nanobots were methodically investigated by
subjecting the nanofibers to 808 nm NIR laser illumination. Various
nanobot concentrations (0.1 and 0.5 mg/mL) were dispersed in water
to assess their photothermal characteristics. The real-time temperature
was monitored over 5 min with temperature measurements recorded
every minute. The photothermal effects of the s-ZnO and s-ZnO/PDA
nanobots were examined at laser power densities of 1.0 and 2.0 W/ cm?.

2.4. Radical Generation. Electron spin resonance (ESR) spectra of
s-ZnO/PDA were obtained to check radical generation. The analysis
was performed with and without NIR irradiation (for S min) at room
temperature. The sample was prepared at a 0.5 mg/mL concentration,
and a 2,2,6,6-tetramethyl-4-piperidone (TEMP) probe was used as the
radical trapping agent.
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2.5. Performances of the Nanobots. First, an aqueous
suspension (400 yL, 0.5 mg/mL) containing the s-ZnO/PDA@Drug
nanobots was dropped onto a glass slide, and a near-infrared (NIR)
laser of the wavelength of 808 nm (FC-808-40 W, Changchun New
Industries, China) was irradiated on one side of the glass slide. The
motion of the nanobots was observed using an inverted optical
microscope (Carl Zeiss Axio Vert. A1, U.S.A.) with 4X objective lenses.
A high-definition industrial digital camera (Eyecam, Zeiss, U.S.A.) was
used to capture and record the motion of the nanobots at 30 frames per
second (fps) in phase-contrast mode. All videos were analyzed using the
Image] v1.52 (https://imagej.nih.gov/ij/index.html, NIH, Bethesda,
U.S.A.) and Origin Pro v9.0 (Origin Lab Corporation, Northampton,
MA, U.S.A.) software.

2.6. Antibacterial Performance. Staphylococcus epidermidis
(ATCC-12228, U.S.A.) and Escherichia coli (KCTC-2593, Republic
of Korea) were obtained to evaluate the antibacterial performance of s-
ZnO/PDA@TCN. The fresh bacteria culture was prepared in nutrient
liquid culture medium containing beef extract (3 g/L) and peptone (§
g/L) in an oscillator at 37 °C and 200 rpm and was then harvested at the
exponential growth phase. The bacterial concentration was determined
by measuring the optical density (OD) at a wavelength of 600 nm. The
bacterial suspension was then diluted with media until the OD was 0.1
before starting the experiment. To check the motility of bacteria and
our prepared nanobots, S0 uL of each were placed on glass slides. The
movement was recorded under the NIR laser irradiation. The
antibacterial performance was evaluated in the presence and absence
of NIR light. 100 uL of bacteria was added in 500 pg/mL of s-ZnO/
PDA@TCN liquid solutions. The bacteria were incubated with samples
for 6 hat 37 °C and 200 rpm conditions. Group without any sample was
considered as the control. After 6 h incubation, the samples were
irradiated with NIR light (2.0 W/cm?) for § min. 100 L of 10™* serial
diluted bacteria were spread on nutrient agar plates. To conduct
fluorescence staining, live—dead assay was performed. Two uL of
SYTO9 (30 uM) and propidium iodide (10 M) fluorescent dyes were
added to label live and dead bacterial cells green and red, respectively.
Incubation was performed in the dark for 30 min. Next, the stained
sample was placed on a glass slide for fluorescence imaging.

2.7. Evaluation of Anticancer Properties. 2.7.1. Cell Viability
Assay. B16F10 (ATCC CRL-6475) and human dermal fibroblast
(HDF, (ATCC No. PCS-201-012)) cell lines were selected to examine
the cytotoxicity effect anticancer activity of fabricated s-ZnO/PDA@
DOX nanobots. B16F10 and HDF cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS; Merck Millipore, U.S.A.) and 1% penicillin and
streptomycin (Gibco, Grand Island, NY, U.S.A.). Cells were kept in a
humidified incubator with 5% CO, at 37 °C. Samples were prepared in
deionized water at 1 mg/mL concentration, followed by 24 h of UV
sterilization prior to use. The storage solution was vortexed and diluted
in DMEM to give a working concentration of 0.5 mg/mL working
concentration. For cell viability assessment, BI6F10 and HDF cells
were seeded onto 96-well plates at 1 X 10* cells/well/100 L and
cultured for 24 h. Next, the cells were incubated with s-ZnO and s-
ZnO/PDA@DOX for 24 h and then irradiated with NIR light (2.0w/
cm?, 808 nm) for § min. After the desired time point, 10 uL of WST-8
dye (Cellrix Viability Assay Kit, Republic of Korea) was added to each
well and incubated for 2 h. Viable cells with and without NIR light
exposure were assessed by measuring the absorbance at 450 nm with a
reference at 625 nm using a microplate reader (Infinite M Nano 200
Pro, TECAN, Switzerland). The percentage of viable cells were
calculated according to the given formula:

cell viability (%) = absorbance of treatment % 100
absorbance of control

The results represent the averages of at least three replicates.

2.7.2. ROS and MitoTracker Red Staining. The fluorescent probes
DCF-DA and MitoTracker (MT) Red were used to determine the
levels of reactive oxygen species (ROS) and active mitochondria in the
cells. BI6F10 cells were seeded in a 48-well plate at a density of 2.0 X
10* cells/well and incubated for 24 h at 37 °C with 5% CO, before
experiments. S-ZnO/PDA@DOX was exposed to the cells for 24 h.

The cells were then washed with 1X M PBS before staining. To detect
ROS production, cells were incubated with DCE-DA (10 uM) at 37 °C
for 10 min. Similarly, the cells were incubated with MT Red (10 uM) at
37 °C for 10 min to detect the active mitochondria. After staining, the
cells were washed twice with 1X PBS and imaged using a fluorescence
microscope (DMi8 series, Leica Microsystems, Germany). Sample was
irradiated with NIR light (2.0 W/cm?*) for § min and the staining
process was repeated under the same conditions.

2.7.3. Spheroid Culture and Study of Anticancer Performance.
The widely used hanging drop culture technique was used to form
cancer cell spheroids. BI6F10 cells were seeded and cultured at a
density of 200 cells/drop/20 uL and incubated at 37 °C with 5% CO,
for at least 3—S days. The formed spheroids (size: ~350 ym) were
identified based on their size and shape. The fifth day grown spheroids
were used for the toxicity studies. The spheroids were incubated with all
of the samples for 24 h before imaging. The number and distribution of
live and dead cells were assessed by ethidium bromide/acridine orange
(EtBr/AO) staining under a fluorescence microscope (Leica
Biosystems, Germany). NIR irradiation at 808 nm was applied for 5
min with a laser power density of 2.0 W/cm?

2.7.4. Propidium lodide/Annexin-V Staining. The apoptosis level in
B16F10 cells in the presence of s-ZnO/PDA@DOX w/ or w/o NIR is
evaluated using the propidium iodide/Annexin-V staining. Briefly, 2.5
X 10* cells were seeded onto the 6-well plates and incubated for 48 h.
After 48 h, the cells were treated with 0.5 mg/mL s-ZnO/PDA@DOX
and further incubated for 2—4 h. After that, the cells were irradiated
with 2.0 W/cm?* NIR light (808 nm) for 5 min. Next, the cells were
washed with 1X PBS and harvested in 500 L of staining solution. The
cells were incubated for 30 min in ice and analyzed using a FACS
Calibur instrument (BD Bioscience, NJ, U.S.A.) with appropriate filter
channels. The data was processed with BD FACS Diva v9.1 (BD
Bioscience, NJ, U.S.A.). The samples without NIR and s-ZnO/PDA@
DOX were also assessed to compare the apoptosis level.

2.7.5. Cellular Uptake Study. B16F10 cells and spheroids were
cultured with s-ZnO/PDA@DOX for 24 h to assess nanobot uptake.
After incubation, the cells were fixed with 4% paraformaldehyde for 20
min, followed by DAPI staining for 5 min. DOX was excited at 470 nm
and emitted a signal at 595 nm which can be visualized in the red
channel of fluorescence microscope. Consequently, the conjugation of
DOX with nanoparticles allowed for visualization of red fluorescence.
Thus, fluorescence microscopy was used to study the uptake of s-ZnO/
PDA@DOX by cells and spheroids. The photographs were analyzed
using Image] (v1.8, NIH, Bethesda, U.S.A.) software, and a
colocalization test was carried out to ensure the nuclear accumulation
of nanobots, as reported in our previous study.”®

2.7.6. Immunogenic Response of Nanobots. Murine monocyte
cells (RAW 264.7) were cultured in a 24-well plate at a density of 2 X
10* cells per well and incubated at 37 °C overnight before the
experiments. The cells were then exposed to 0.5 mg/mL of s-ZnO/
PDA@DOX nanobots for 24 h. For qRT-PCR analysis, the cells were
harvested using the TRIzol reagent to extract RNA, which was then
purified. Subsequently, cDNA was synthesized using SuperScript
Reverse Transcriptase IV, followed by qRT-PCR. The expression of M2
polarization genes, including CD163, IL-4, and VEGF, was investigated.
Immunocytochemistry (ICC) was conducted to assess the CD163 and
iNOS protein expression in cells after s-ZnO/PDA@DOX treatment.
Additional information on the PCR and ICC procedures can be found
in Supporting Information.

2.8. Statistical Analysis. Statistical analysis was performed using
Origin Pro v9.1 (Origin Laboratories, U.S.A.) for all the experiments.
The significant difference between the control and treatment group was
assessed using One-way Analysis of Variance (ANOVA) test. Data
reported in this study are mean + s.d. of triplicate (n = 3) experiments,
statistical significance at *p < 0.05, **p < 0.01, and ***p < 0.001.

3. RESULTS AND DISCUSSION

3.1. Characterization of the s-ZnO and r-ZnO Nano-
bots. Photoresponsive and drug-loaded s-ZnO and r-ZnO
nanorobots were fabricated through the reaction of ZnO
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Figure 1. (a) Schematic illustration of the sunflower pollen-inspired spiky ZnO (s-ZnO) nanorobots fabrication. (b) FE-SEM images of the spiky (s-)
and (c) round (r-) ZnO, ZnO/PDA@TCN, and ZnO/PDA@DOX. Scale bar: 100 nm. (d) Size distribution graph of the s-ZnO nanoflowers and (e)
TCN nanoparticles in the s-ZnO/PDA@TCN. The black arrow indicates the TCN nanoparticle location onto the s-ZnO/PDA surface.

particles with PDA, followed by the immobilization of suitable
drugs to enhance therapeutic efficiency. Figure 1a schematically
shows the fabrication procedure for the motile ZnO nanobots.
PDA was deposited onto the ZnO surface via oxidative
polymerization of DA in an alkaline medium. The morpho-
logical and structural features of pure ZnO and its composites
were evaluated using FE-SEM and FTIR spectroscopy and
compared (structure) with those of natural sunflower pollen. As
shown in Figure S1, the raw sunflower pollen exhibits a unique
spiky morphology (spike length: 3—S um) with a spherical core

having a diameter of 35—40 + 0.25 um.””*® Besides, the s-ZnO
showed clustered nanostructures with spine-shaped nanorods
having a diameter of 1.67 & 0.61 pm, protruding from the base
(Figure 1b,d). The r-ZnO exhibited a smooth-surfaced, round-
shaped morphology (Figure 1c). In the basic medium (pH
12.0), Zn(NO;), was converted into zincate ions [Zn(OH),*~],
which further contributed to the crystal growth phase of s-ZnO
during refluxing at high temperatures.”” The presence of
NH,OH-HCI induces the crystal growth of s-ZnO nanospikes
and produces a small amount of hydroxyl ions, which is crucial
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Figure 3. Photothermal properties of distilled water (D.W.), s-ZnO, and s-ZnO/PDA nanobots. Change in temperature as a function of time of the
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vitro.

for controlling the self-assembly of Zn. The absence of NH,OH-
HCl resulted in the fabrication of round-shaped ZnO, referred to
as r-ZnO. Low-resolution FE-SEM images of pure r/s-Zn0O, r/s-
ZnO/PDA@TCN, and r/s-ZnO/PDA@DOX are shown in
Figure S2. Olsson et al.”’ reported ZnO nanoneedle-like
nanoclusters through controlling the concentration of NaOH
with a diameter of 0.5—2 ym. PDA-coated s-ZnO modified with
TCN (s-ZnO/PDA@TCN) exhibited small particles (beads-
on-a-string) on the surface of s-ZnO, whereas s-ZnO/PDA@
DOX exhibited a granular surface, as observed by FE-SEM. The
average particle size of s-ZnO and TCN in s-ZnO/PDA@TCN
was calculated to be 1.67 + 0.61 ym and 6.38 + 0.83 nm (Figure
1d,e), respectively. SEM-EDS spectra were recorded to calculate

the elemental percentages of the synthesized r/s-ZnO particles.
The elemental compositions of Zn and O in the synthesized s-
ZnO were 77.80 and 22.20 wt %, respectively (Figure S3(a)).
Similarly, the weight percentages of Zn and O were 79.17% and
20.83% in r-ZnO, respectively. Furthermore, the s-ZnO/PDA@
TCN sample exhibited average weight percentages of 30.08%
Zn, 15.21% O, and 51.48% C (Figure S3(b)). In contrast, the r-
ZnO/PDA@TCN sample showed weight percentages of
38.93% (Zn), 16.22% (O), and 40.71% (C) (Figure S3(c)).
The increased Zn wt % and decreased carbon wt % in r-ZnO
indicate a lower TCN loading compared to s-ZnO. These
findings suggest that s-ZnO nanoparticles exhibit a higher drug-
loading capacity. EDS of s-ZnO/PDA@DOX is provided in
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(g) The movement of the s-ZnO nanorobots under various directions.

Figure S3(D). Consequently, further research was conducted
using s-ZnO and s-ZnO/PDA@drug nanobots.

Next, we performed X-ray diffraction (XRD) to understand
the structural changes in pure s-ZnO and its nanocomposites. As
shown in Figure 2a, the s-ZnO particles displayed several
diffraction peaks at 20 = 31.92°, 34.57°, 36.4°, 47.74°, 56.7°,
62.98°, 66.52°, 68.10°, 69.23°, 72.66°, and 77.12° correspond-
ing to the (100), (002), (101), (102), and (110). (103), (200),
(112), (201), (004), and (202) planes, which resemble the
standard JCPDS ID: 89-1397, indicating the formation of
crystalline ZnO with unique hexagonal (wurtzite) crystals.”
Interestingly, the grain size for the major diffraction peak at 20 =
36.4° of the s-ZnO nanospikes was calculated to be 48 nm,
which was in accordance with the FE-SEM data. Furthermore,
when bulk s-ZnO was modified with PDA and drugs, the
intensity of the (101) peak decreased slightly (Figure 2b). This
is due to the reduced crystallinity index (CI) of the bulk s-ZnO
particles. The CI for pure s-ZnO, s-ZnO/PDA@TCN, and s-
ZnO/PDA@DOX were calculated to be ~51.48%, 49.27%, and
49.66%, respectively.

The chemical alterations of bulk s-ZnO and its nano-
composites were recorded by using Fourier-transform infrared
(FT-IR) spectroscopy, and the results are shown in Figure 2c.
The absorption peak at 477.5 cm ™" in bulk s-ZnO was attributed
to the metal oxide (Zn—O) stretching vibrations, indicating the
formation of zinc oxides.>'”** Moreover, the peaks at 835 and

3223 cm™! was attributed to the —OH stretching and bending
vibrations, respectively. Several other peaks within the 1000—
1500 cm™' range indicated the presence of Zn(OH),*” and
—OH mixed vibrations.> Besides, s-ZnO/PDA@TCN and s-
ZnO/PDA@DOX exhibited similar absorption peaks at 474.6
and 477.1 cm™’, respectively, indicating no structural changes in
the s-ZnO nanostructure. The peaks located at 1486 cm™" were
ascribed to the aromatic C—H stretching vibration in ZnO/
PDA@TCN and s-ZnO/PDA@DOX and were absent in bulk s-
Zn0.”” Furthermore, the absorption peaks at approximately
1590 and 1576 cm™ were attributed to the C=N stretching
vibrations of PDA in ZnO/PDA@TCN and s-ZnO/PDA@
DOX. Notably, the peak at around 1303 cm™' was associated
with the C—O stretching and bending vibrations of TCN,
indicatin§ the successful binding of TCN onto the s-ZnO/PDA
surface.”® The FT-IR spectra of the s-ZnO/PDA@DOX
exhibited an absorption peak at around 1617 cm™" correspond-
ing to the carbonyl (C=0) stretching of the anthracene ring of
DOX, absent in s-ZnO, meaning that the s-ZnO particles
interact with the quinine oxygen of the DOX molecule through
chemical adsorption.”® The peak located at 1413 cm™ in s-
ZnO/PDA@DOX indicates the presence of the aromatic C—H
stretching vibration of the DOX molecule. Our results indicate
the formation of highly crystalline ZnO nano spikes that were
successfully modified with PDA, TCN, and DOX for therapeutic
applications.
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Table 1. Comparative Study of Various Micro/Nanobots as Photosensitizers for Antibacterial Therapy”

micro/nanobots size power source microorganism mechanism refs
star-shaped BiVO, 4—8 pum visible light Saccharomyces cerevisiae photocatalytic generation of ROS, 0
micromotors disruption of cell membrane
ZnO/Ag micromotors ~S pum UV light Staphylococcus aureus, mechanical disruption due to ROS H
Pseudomonas aeruginosa generation
MXene-sAuNR N/A sunlight, NIR light  Escherichia coli, Staphylococcus  knife function MXene edge ©
nanorobot (808 nm) aureus

MUCR@MLMD@LAA  N/A magnetic field Enterococcus faecalis, chemotaxis agent attracts more bacteria

Escherichia coli and kill

PNM-MN ~80 nm NIR light (808 nm) Candida albicans photothermal effect e
HSMV nanoswimmer 100—500 nm NIR light (650 nm)  Staphylococcus aureus killing of bacteria by membrane *
disruption
s-ZnO/PDA/TCN 85—100 nm core with NIR light (808 nm)  Escherichia coli Staphylococcus  TCN delivery and photothermal killing of  this
nanobots spikes of 1.6 nm epidermidis bacteria study

“BiVO,: bismuth vanadate; ZnO: zinc oxide; Ag: silver; sSAuNR: small gold nanorods; MUCR@MLMD@LAA: magnetic urchin-like capsule robots
loaded with magnetic liquid metal drops and L-aspartic acid; PNM-MN: parachute-like nanomotors loaded with miconazole nitrate; HSMV: gold-
functionalized mesoporous silica half shell motor loaded with vancomycin.

Drug encapsulation is a major standard for the fabrication of
nanocarriers. The drug encapsulation efliciencies in the s-ZnO/
PDA@TCN and s-ZnO/PDA@DOX composites were deter-
mined by measuring the intensity of the UV—vis absorption
peaks. The calibration curves for TCN and DOX are given in
Figure S4. The TCN and DOX encapsulation rates on s-ZnO/
PDA were determined to be 12.82% and 2.8%, respectively,
using the equations provided in Section 2.2. The encapsulation
efficiency of DOX was low; however, TCN exhibited high
encapsulation efficiencies on spiky ZnO/PDA.

3.2. Photothermal Performance of the s-ZnO/PDA
Nanobots. Figure 3a,b shows the time-dependent temperature
increase profile of the s-ZnO and s-ZnO/PDA nanobots under
1.0 and 2.0 W/cm? NIR light irradiation for S min (300 s). It is
interesting to note that at a 0.1 mg/mL concentration the
samples exhibited minor changes in temperature at 1.0 W/cm?
power density. However, at 2.0 W/ cm? power density, the
temperature of s-ZnO was gradually raised to 43.1 °C. Besides,
the nanobot suspension showed a significant temperature
increase from 75.1 to 88.3 °C at a concentration of 0.5 mg/
mL when the power density was increased from 1.0 to 2.0 W/
cm?, respectively. The thermal images of the temperature
changes are shown in Figure 3c. Therefore, the change in the
photothermal properties of the fabricated nanobots was not only
laser power-dependent but also concentration-dependent. Wu
et al.>® previously demonstrated the exceptional NIR-responsive
properties of cerium-loaded ZnO/PDA composites for cancer
photodynamic therapy. Consistent with these results, we
anticipate that the fabricated s-ZnO/PDA-based nanobots
exhibit good photothermal properties for therapeutic applica-
tions. Based on our observations, we selected a 0.5 mg/mL
concentration with a laser power density of 2.0 W/cm? for the
rest of the experiments.

NIR light was absorbed by a PDA coating on the s-ZnO/
PDA@drug nanorobots. PDA uses photothermal action to
convert photon energy into heat efficiently.”” The s-ZnO/PDA
of the nanorobots increased in response to NIR laser irradiation.
Nanorobots can travel along temperature gradients using PDA
thermophoretic force.”® Thermophoresis uses temperature
changes such as Brownian motion. Therapeutic payloads can
be delivered to tumors or infected tissues using precisely
positioned and dispersed nanorobots, which minimize off-target
effects.

Radical formation in s-ZnO/PDA under NIR light illumina-
tion was investigated by using ESR tests. Figure 3d shows that

the sample exposed to NIR light initially exhibited no significant
response. However, after S min of NIR light exposure, a distinct
triple peak corresponding to PDA was observed. This triple
peak, characteristic of singlet-state oxygen (*O, ), was identified
using a TEMP probe.’” These findings suggest that s-ZnO/PDA
does not produce radicals in the absence of NIR light; however,
under NIR light exposure, '0, radicals are generated, indicating
the potential for reactive oxygen species (ROS) generation in
anticancer and antibacterial applications.

3.3. Study of NIR-Triggered Nanobots Movement.
Figure 4a depicts the experimental setup for NIR-triggered s-
ZnO nanobot tracking and movement analysis. The system
included an inverted optical microscope equipped with a closed
coupled device (CCD) camera and an 808 nm NIR light source
with a digital control system. The digital photographs of the
experimental setup are shown in Figure 4b,c. The NIR light was
arranged diagonally with regard to the sample stage, where the
nanobot movement was monitored. A microscope slide with a
few drops (~400 uL) of the nanobot suspension was used for
the experiment. During the experiment, the NIR light with a
power density of 2.0 W/cm? (laser spot diameter: 500 ym) was
irradiated onto the sample surface (Figure 4d), and the heat
generation was monitored subsequently (Figure SS). Upon
irradiation, we tested three experimental conditions for laser
light movement: (1) upward, (2) side, and (3) downward. Glass
and water have respective thermal conductivities of 1.3 and 0.6
W/mK. Upon NIR laser irradiation, a temperature gradient
rapidly formed at the air—water interface of the suspension,
precisely centered on the area where the laser was illuminating.”
It was interesting to note that the s-ZnO nanobot storm was
effectively moved toward the light source when controlled in the
upward, side, and downward directions within 20 s (Figure 4e).
We observed no observable differences in the speeds of the
TCN- and DOX-loaded nanobot samples. The average speed of
s-ZnO/PDA@TCN and s-ZnO/PDA@DOX was calculated to
be 14.57 and 13.99 um/s, respectively (Figure 4f). Based on the
microscopic movement and video data, the movement
trajectories of the nanobots are shown in Figure 4g. The
movement speed reported in this study was quite good
compared to that in a recent study by Song et al.,” in which
PDA-coated carbonized sunflower sporopollenin (SPG) micro-
bots were used for bacterial capture and clearance.

In this study, the movement of nanobots was primarily
facilitated by the incorporation of PDA, which imparts light-
sensitive properties to the nanobots. Absorbance spectra of s-
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Figure S. (a) Schematic illustration of the chasing mechanism by the s-ZnO/PDA/TCN nanorobots and photothermal killing of bacterial pathogen.
(b) Bright field images of the gathered nanorobots (dotted yellow circle) toward bacteria (dotted white circle) at indicated time points. Scale bar: 100
um. (c) Representative SYTO9 (live) and PI (dead) staining of the E. coli and S. epidermidis w/ or w/o NIR irradiation. Scale bar: 100 ym. (d) Test of
bacterial survivability in terms of optical density (ODgy,) after 6 h of incubation with s-ZnO and s-ZnO/PDA@TCN (Pos. control: pure tetracycline 1
mg/mL). Data reported as mean + O.D. of triplicated (n = 3) experiments, statistical significance at *p < 0.05 and **p < 0.01. (e) Representative agar
plate assay showing the antibacterial performance of the fabricated nanobots w/ or w/o NIR light irradiation after 6 h of incubation. (f) Schematic
illustration of the antibacterial mechanisms of the NIR-responsive s-ZnO/PDA@TCN nanobots.

ZnO and s-ZnO/PDA is shown in Figure S6. When exposed to
light, light absorbing PDA undergoes photochemical reactions
or structural changes, converting light energy into heat through a
photothermal process. This leads to the generation of
temperature gradients in the surrounding environment through
localized heating. The PDA-coated nanorobots then move along

these thermal gradients, propelled by thermophoretic forces.
Leveraging these controlled movements, nanorobots can be
precisely dispersed within biological tissues or targeted areas to
deliver therapeutic drugs to tumors or infected tissues with
minimal off-target effects. Our results demonstrate that the
fabricated s-ZnO-based nanobots can be efliciently gathered
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Figure 6. (a) Schematic illustration of NIR-triggered DOX release and hyperthermia-induced cell death of cancer cells. (b) WST-8 assay of BI6F10
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using NIR light and can be used as ideal nanoplatforms for
therapeutics. A comparative study of the applications and
performances of various pollen-derived and pollen-inspired
micro/nanobots is presented in Table 1.

3.4. Antibacterial Performance of the Nanobots. NIR
light possesses unparalleled benefits, including profound tissue
penetration and low harm to biological cells caused by light
exposure.”® Bactericidal effects of nanobots were investigated
after assessment of the phototaxis and motion behavior of the
microbots in the presence of NIR light. The effectiveness of s-

ZnO/PDA@TCN nanobots as bactericidal agents was
evaluated using two types of bacteria, E. coli and S. epidermidis,
as representative Gram-positive and Gram-negative bacteria,
respectively. ZnO NPs have been shown to exhibit antibacterial
properties.”” However, the effectiveness of this combination
with NIR irradiation remains unknown.

To demonstrate the benefits of s-ZnO/PDA@TCN in the
presence and absence of NIR light, we conducted in vitro
antibacterial experiments by placing s-ZnO/PDA@TCN nano-
bots in the presence of adsorbate and allowing bacteria to grow
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