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Abstract

Titanium miniplates are biocompatible materials employed in modern orthodontics as indispensable tools for
transmucosal anchorage on the buccal cortical bone of the mandible or maxilla. However, plate removal is
often required due to implant complications. Among them, biofilm formation in the oral cavity is associated
with severe inflammation of boundary tissue which frequently result in the implant failure, especially in those
cases of antibiotic resistance. In light of this, new strategies to control or treat oral bacterial biofilm are of high
interest. Herein, for the first time we exploited the ability of nanorobots against multispecies bacterial biofilm
grown onto orthodontic commercial titanium miniplate implants to simulate pathogenic conditions of the oral
microenvironment. The strategy is based on the use of light-driven self-propelled tubular black-TiO/Ag (B-
TiO2/Ag) nanorobots, that unlike traditional ones, exhibit an extended absorption and motion actuation from
UV to the visible-light range. The motion analysis was performed separately over UV, blue and green lights
irradiation and showed different motion behaviors, including a fast rotational motion that decreased with
increasing wavelengths. The biomass reduction was monitored by evaluating LIVE/DEAD fluorescent and
digital microscope images of bacterial biofilm treated with the nanorobots under motion and no-motion
conditions. The current study and the obtained results can bring significant improvements for effective

orthodontic therapies.

Introduction
Nowadays, medicine's development has reached a high level of complexity to enhance life span and quality.
Patients often need surgery to implant external artificial bodies to achieve this goal, thus involving complicated

procedures and prevention actions. In this context, endosseous oral implants became crucial tools in dental and
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maxillofacial surgery to restore extra- and intraoral defects, or simply to replace accidentally lost teeth®. On
the other hand, oral bacterial biofilm-related diseases are considered the most severe clinical problem and are
one of the primary causes of implants failure®®. After exposure of dental implants to the oral cavity
microenvironment, the strong interaction between saliva components, bacterial and host tissue products causes
the formation of a pellicle on the implant surface within 30 minutes that acts as an ideal substrate for bacterial
colonization. After that, cell-to-cell adhesion of secondary colonizers induces the growth and accumulation of
bacterial biofilm around orthodontic implants’. Once the biofilm is formed, it is complicated to eradicate. It
refers to a complex, functionally, and structurally organized structure in which microorganisms cooperate as a
community becoming more resistant to antibodies, phagocytes, and antibiotics. Consequently, bacterial
biofilm induces peri-implantisis infections, whose clinical manifestations include inflammation of the adjacent
mucosa, bone resorption, and the subsequent implant loss®?®,

In light of this, most of the efforts are devoted to preventing biofilm formation via the development of
advanced biomaterials because bacterial colonization is directly associated with implant surface features
(hydrophobicity, chemical composition, porosity, and shape)®. However, it is worth noting that about 700
bacterial species can form biofilm in the oral cavity, and about 400 species are capable of adhesion on
orthodontic implants, making the design of multimodal antimicrobial surfaces significantly challenging,
especially in finding a good compromise from a scientific and economic point of view®®, Titanium implants
are still the most widely used tools for clinical practice because of their remarkable bioactivity, corrosion
resistance, and unique mechanical properties, although biomaterials with poor anti-adherent abilities or contact
killing effects®. Therefore, novel and alternative antimicrobial strategies are needed to treat mature bacterial
biofilm around the implant, reducing at the same time local planktonic (free) bacteria in the oral cavity
microenvironmentZ°,

Recently, as the emerging materials in nanomedicine, nanorobots are triggering increasing interest. They are
autonomous machines at the small scale that can be propelled converting several energy sources such as
chemical fuels, magnetic field, acoustic field, and light into mechanical energy*'-**. Self-propelled nanorobots
are aimed to succeed where conventional nanomedicine fails. For example, micro- and nanorobots can provide
real-time diseases detection!®>!®, monitoring” and treatment, or on-demand release of drugs, reactive species

and bactericidal agents®®. They can serve as miniaturized surgery to repair damaged cells and their scaled-



down size allow working operation in remotes areas without losing their physico-chemical characteristics and
functionalities. Among them, photocatalytic nanorobots are of particular interest since their motion can be
controlled by irradiation or adjusting the incident light'%2, They also possess the ability to generate and release
reactive oxygen species (ROS) capable to initiate photodegradation processes for improved therapeutic
outcomes>?, Recently, significant attention has also been devoted towards nanorobots that can be actuated
by any portion of the available light spectrum to adapt them to the specific application??.

Black-TiO, (B-TiOy) is one of the best candidate due to its absorption broad band, from UV range to the
near infrared (NIR) region, maintaining at the same time its photocatalytic ability and biocompatibility?>?*. To
the best of our knowledge, there is only one report describing the study of B-TiO, as micromotors. A Janus
microsphere of Au/B-TiO, was tested by a broad range of light absorption wavelengths (300-800 nm),
reporting directional motion behaviors with speed in the range of 3 - 30 um/s for five different light sources,
in presence of 3% of H,0,%.

Herein we present a first example of light-driven self-propelled tubular nanorobots based on B-TiO;
decorated with Ag nanoparticles (NPs) by physical deposition to degrade bacterial biofilm growth on
commercial orthodontic titanium miniplate implants (see Scheme 1). The motion of the nanorobots was tested
under UV-light and the narrow-banded regions of blue (450-500 nm) and green (540-550 nm) lights, showing
a multitude of motion modes (rotational, circular, and random) depending on the mutual orientation of B-TiO;
nanotubes with respect to the metal target during the deposition. Interestingly, the fast rotational and random
autonomous motions of B-TiO2/Ag nanorobots make them ideal candidates as biocompatible devices
demonstrating superior antibacterial activity through the enhanced release of ROS and Ag ions under light
irradiation. Therefore, multispecies bacterial biofilm composed of typical gram-negative early bacterial
colonizers of the oral microenvironment and antibiotic-resistant gram-positive bacteria was directly grown
onto commercial orthodontic implants, thus exposed to the nanorobots under motion and no-motion conditions

to evaluate their antibiofilm capabilities.
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Scheme 1. Light-driven self-propelled tubular B-TiO2/Ag nanorobots to remove multispecies biofilm from orthodontic

titanium miniplates routinely practiced in oral and maxillofacial surgery.

Results & Discussion
Fabrication, characterization, and motion analysis of B-TiO2/Ag nanorobots

Fabrication of B-TiO./Ag nanorobots began by preparing TiO. nanotubes through electrochemical
anodization of titanium foil. The TiO, nanotubes were calcinated at 450°C to induce the most photoactive
anatase phase formation?. After that, to extend the absorption capabilities in the visible region of the spectra,
the TiO, nanotubes were converted in the corresponding B-TiO; via thermal reduction under H, atmosphere
at 450°C. At this stage, UV-Vis analysis was used to confirm the TiO, conversion. As shown in Figure S1
(Supporting Information), clear broadband in the visible range of B-TiO; has been measured after the reduction
process. Once B-TiO; was realized, the nanotubes were decorated with Ag NPs. The resulting B-TiO./Ag
nanotubes were finally released from the titanium template by manually scratching.

Figure 1 summarizes the different fabrication steps of B-TiO2/Ag nanorobots, and reports top and cross-
view scanning electron microscopy (SEM) images of B-TiO»/Ag together with EDX mapping for
compositional analysis. As it is possible to appreciate, the B-TiO2/Ag nanotubes possess a diameter of about
400 nm and the cross-view EDX image clearly shows how Ag NPs are able to cover only the upper part of the
nanotubes because of their short distance. Interestingly, the B-TiO, nanotubes do not present a homogenous

growth and result in a compact B-TiO; layer close to the titanium sheet to end as thin, separated nanotubes.



During the detachment, because of their fragility, only the upper section is removed from the template

composed of the asymmetrical B-TiO2/Ag structures with a maximum length of about 3 um.
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Figure 1. Fabrication and characterization of B-TiO2/Ag nanorobots. Schematic representation of the B-TiO2/Ag nanorobots
fabrication steps and the corresponding cross-view SEM-EDX image and the top-view and cross-view SEM images before and after
the nanorobots detachment from Ti sheets. Scale bars are 2 pm.

As mentioned before, the absorption band of B-TiO; occurs over the whole visible wavelength spectrum (400-
800 nm), suggesting that the self-propulsion abilities of the B-TiO2/Ag nanorobots can also be triggered in the
visible range. Due to this, the motion of the nanorobots was tested under UV-light and in different regions of
the visible spectrum (blue and green light regions).

The motion of the as-prepared B-TiO2/Ag nanorobots under UV irradiation was optically monitored and
recorded through a charge coupled device (CCD) video camera at 50 fps. It showed self-propulsion when
irradiated under UV-light and in the presence of a very low concentration of H,O, (0.025, 0.05, and 0.1%). At
the same time, B-TiO; nanotubes did not experience any autonomous movement under the same experimental
conditions in a control experiment. Similar to most of the photocatalytic micromotors reported in the literature
so far't181% the motion mechanism is based on the light-induced decomposition of H.O, at the
nanorobots/solution interface. In particular, B-TiO, absorbs light with energy equal to or higher than its
bandgap to produce photogenerated electron-hole pairs. Electrons in the conduction bands are rapidly
transferred to the Ag side, hindering electron-hole recombination phenomena in the semiconductor.

Photogenerated holes in B-TiO, decompose H;0- in O; and protons (H*). Contemporarily, H.O, and protons



are reduced to water at the Ag side. The resulting protons gradient establishes a local electric field which causes
the nanorobots to propel via the self-electrophoretic mechanism.

Interestingly, B-TiO2/Ag nanorobots showed multiple motion modes under UV irradiation, displaying also
stop-go motion by switching on-off the light (see Movie S1). These can be categorized in three main behaviors,
which are shown in the three rows of time-resolved images in Figure 2a, acquired for B-TiO./Ag nanorobots
irradiated by a 365 nm UV LED (1.6 mW cm™) in the presence of 0.1% H,O.. The top row represents a
rotational motion mode in the same position resembling that of clock’s hands, in which B-TiO,/Ag nanorobots
rotate around a pin corresponding to one of their ends. The nanoparticles were manually tracked with ImageJ
software, calculating a rotational speed of about 500 +173 rpm min*. The middle row presents nanorobots that
swim along the nanotube axis and change direction randomly, reaching speeds as high as 31 + 11 um s, The
bottom row illustrates the third motion type, the rarest, which can be defined as an intermediate situation
between the two previous limit cases. In fact, nanorobots rotate. But differently from the first rotational motion
mode, there is no fixed point during their rotation. Instead, they move along the nanotube axis describing
circular trajectories. Figure 2b represents the displacement of the nanotubes along the x-axis as a function of
time which allow to distinguish the differences between the rotational and circular modes.

For the two limit cases, the motion was further characterized at a lower percentage of H,O; to find the
minimum amount to initiate nanorobots propulsion. Figure 2c shows that a significant displacement is
registered at the very low concentration of 0.025% of H.O2, making the B-TiO2/Ag nanorobots promising for
biological applications. As expected, the motion speed increases with the fuel concentration because of the
higher decomposition rate at the B-TiO, side*!. In particular, the rotating nanotubes move at 240 + 76 rpm min-
Land 390 + 126 rpm mint, and the random swimmers at 8 + 1 and 23 + 9 um s%, using 0.025 and 0.05% H,0»,

respectively.
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Figure 2. Motion studies of the B-TiO2/Ag nanorobots. (a) Representative trajectories and time-frame images of rotational, random,
and circular motion of B-TiO2/Ag nanorobots after exposure of to UV-light irradiation in 0.1% of H202. (b) Displacement of B-TiO2/Ag
nanorobots as a function of the time for rotational (left panel) and circular (right panel) motion behaviors. (c) Speed of B-TiO2/Ag
nanorobots exposed to UV-light irradiation (1.6 mW cm) in different concentrations of H2O: for rotational (left panel) and random
motion (right panel) behaviors. Scale bars are 5um.

These multiple motion behaviors are attributed to different configurations of the deposited Ag layer on B-
TiO. nanotubes. Both plan and cross-view SEM images in Figure 1 show that B-TiO. nanotubes were not
aligned along a specific direction with respect to the substrate plane. Indeed, some of them grew
perpendicularly to the substrate, while the others were randomly oriented. The Ag layer was deposited by
placing the substrate in front of the Ag target. Consequently, the deposition occurred only on nanotubes’

surface that was directly exposed to the target. On this basis, it is reasonably assumed that the Ag deposition



was more symmetric on nanotubes perpendicular to the substrate than for those inclined due to a shadowing
effect. The higher the inclination of the nanotube, the more pronounced was the asymmetry. Then, nanorobots
originated from perpendicular nanotubes moved along the direction of their axis due to the symmetric Ag
deposition, while those based on inclined nanotubes showed the rotational motion. Owing to the variety of
nanotubes inclinations, many rotational modes were observed, ranging from the rotation around a pin to the
circular motion.

The proposed explanation was corroborated by a numerical simulation of the H* production at the B-TiO-
side due to the reaction between H>O, and photogenerated holes in B-TiO, under 0.1 s light irradiation. Despite
not considering the simultaneous H* consumption at the Ag side, this study provides valuable information
about the form of the H* gradient responsible for nanorobots’ movement. The simulation was conducted for
the two configurations illustrated in Figure 3(a), corresponding to nanotubes with an asymmetric (left) and
symmetric (right) Ag coating reflecting the two limit cases mentioned above. It is noted that the simulation
was performed on nanorods rather than nanotubes for simplicity. Figure 3(b) displays the simulated H*
concentration spatial distribution for the two configurations. The asymmetric Ag coating generates a
nonuniform H* distribution which, in turn, induces the rotation of the nanorobot. In contrast, the symmetry of

the Ag coating is reflected in a uniform H* distribution around the nanorobot, which swims along its axis.
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Figure 3. Numerical simulation of the H* gradient distribution produced at the B-TiO2 side due to the reaction between H20: and
photogenerated holes in B-TiOz under 0.1s light irradiation. (a) Scheme of the two configurations of B-TiO2 nanotubes with an
asymmetric (left panel) and symmetric (right panel) Ag coating. (b) Simulated H* gradient spatial distribution for the two
configurations.

The motion of B-TiO2/Ag nanorobots in the visible range was studied by their exposure to blue (450-500 nm)
and green (520-550 nm) lights, separately through a filter cube. A significant displacement with stop-go motion
was observed only under blue light irradiation and in the presence of at least 1% of H,O, (see Figure 4a),
recording a maximum speed of 11 + 3 um s™ at 5% H.O,. These results suggested the ability of the nanorobots
to be propelled in the visible range. Despite the increased absorption behavior observed in the visible range at
a wavelength higher than 500 nm (see Figure S1), faster surface recombination phenomena of the
photogenerated electro-hole pairs may cause a negligible motor speed in the green-light region (see Movie

S2).2



Figure 4b shows the mean square displacement (MSD) as a function of the time relative to the nanorobots
motion under UV light in 0.1% H-0- and under blue light in 2.5 and 5% HO.. It is worth noting that the MSD
for UV-propelled nanorobots was calculated by selecting only particles presenting the random motion. The
MSD plots fitted with parabolic curves for nanorobots moved under both blue and UV-light. Whereas, the
MSD plot for UV propelled B-TiO2/Ag displayed a decrease in R-square, mainly due to the rotational motion's
contribution (see Figure 4d) overlapped to the random motion, as previously discussed. Movie S3 and Figure
4c¢ show how the blue-light propelled nanorobots did not show the peculiar multimodal motion mode observed

in the case of UV-light activation, especially with HO, percentage lower than 5%.
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Figure 4. Motion analysis of B-TiO2/Ag nanorobots under blue light (420-450 nm) irradiation. (a) Speed of the nanorobots at different
H20:2 concentrations. (b) Plot of the mean square displacement versus time of nanorobots propelled under UV- and blue-light irradiation
with different H202 concentrations. Snapshot of B-TiO2/Ag nanorobots tracking showing their trajectories for 5 s under (c) blue-light
irradiation in 2.5% of H202 and (d) UV-light irradiation in 0.1% H20.. Scale bars are 10 um.



Performances of B-TiO2/Ag nanorobots to reduce multispecies biofilm on titanium miniplate implants
The unigue human oral microenvironment allows the adhesion of bacteria on natural teeth and any host
biomaterial placed in the mouth. Upon completion of soft tissue integration of endosseous implants, dyshiosis
of the microflora that populates the oral cavity favors the formation of bacterial biofilm, the preferred method
of bacteria growth. It is well known that microorganisms in the biofilm can easily exchange nutrients and
protect them from competing microbes®®. Importantly, dental plaque comprises more than 500 species of
bacteria. Around the dental implant, the microbial diversity rapidly increases through a coaggregation
mechanism between early and secondary bacteria colonizers, resulting in a multispecies biofilm that is more
difficult to eradicate, especially when bacteria establish antibiotic resistance?®.

In light of this, the bactericidal effect of B-TiO»/Ag nanorobots was tested against a biofilm composed of
three bacterial species. Two of these have been identified as typical early colonizers in orthodontic implants:
the facultative anaerobes Aggregatibacter actinomycetemcomitans (gram-negative) and Streptococcus mutans
(gram-positive)?®. The third specie used in this work is the gram-positive Methicillin-resistant Staphylococcus
aureus (MRSA), responsible for recidivating infections in humans and difficult to treat due to its antibiotic-
resistance.

Figure 5 (on the left) shows preliminary tests of the antibiofilm activity of B-TiO./Ag nanorobots. During
the experiment we induced the motion by UV-light irradiation due to the lower amount of H,O, to be used and
the best motion performance as previously described. In a first step we estimated the minimum inhibitory
concentration (MIC) of BTiO2/Ag nanorobots. For this purpose, bacterial biofilm was grown onto polystyrene
96 well plate and exposed to the nanorobots under motion (30 minutes UV-light exposure in 0.1% H,0,) and
no-motion (30 min UV-light exposure) conditions. In contrast, PBS and H,O, without nanorobots were used
as control references. The bacteria viability was determined by testing four different concentrations of the
nanorobots (200, 50, 5, and 0.5 pg mL™?). The fluorescence (560/590 nm, excitation/emission) measured for
the nanorobots indicated that 100 pg mL* was the MIC, and that 200 pg mL* were able to remove 92% of the
biofilm under motion conditions, while only 18% of biofilm removal was achieved in the absence of motion.
The results demonstrated how the enhanced solution mixing given by B-TiO»/Ag nanorobots improves the
reduction of the biofilm biomass helped by the combined effect of the enhanced ROS production and the quick

penetration and diffusion of Ag ions through the biofilm and bacterial cell wall?’.



Encouraged by these preliminary data, the biofilm was grown onto titanium fixation plates. These devices
are commonly used in the oral and maxillofacial surgery for bone fragments stabilization. Inhibition studies of
the multispecies bacterial biofilm were led by monitoring the number of live and dead cells with fluorescence
LIVE/DEAD assay. SYTO-9 and propidium iodide (PI) were used to label live (green) and dead (red) bacteria
cells. Specifically, the titanium miniplates was incubated with 100 pg mL* of B-TiO2/Ag nanorobots and
exposed to UV-light for 30 minutes. As evidenced from Figure 5, the sample containing the nanorobots under
motion conditions showed the highest efficacy counting 36% of dead bacteria. These results were also
supported by SEM images of titanium miniplates after the treatment (Figure S2) and by determination of the
brightness threshold calculated on digital microscope images, confirming how the motion induced in the B-
TiO2/Ag nanorobots can efficiently kill mature and resistant multispecies bacterial biofilm due to the

synergistic effect between diffusion and enhanced release of ROS and Ag*ions.



(a) 1° STEP (b)

Preliminary
viability tests

o =

WEL PLATE
Multispecies Bacteria

100%

100%

Bacteria viability after treatment [%]

2° STEP

Viability tests on
Titanium implants

. . -~
Titanium
Miniplates

50 um _’

804
T

§ 60

< NO

° MOTION
x

) -
0

MOTION

% of Inhibition

of 0.1% of H202. (a) Viability test of multispecies bacteria biofilm grown on polystyrene well plates treated with 100 pg mL* of B-
TiO2/Ag nanorobots under motion and static conditions. PBS and H202 in presence of self-propelled nanorobots were used as control
references. (b) LIVE/DEAD 2D fluorescent images with corresponding percentage of dead bacteria cells (in red) and digital microscope

images of residual multispecies biofilm onto titanium orthodontic implants with the corresponding inhibition percentage after treatment

with static and moving B-TiO2/Ag nanorobots.

MOTION

NO
MOTION

Figure 5. Antibiofilm experiments of light-propelled B-TiO2/Ag nanorobots exposed to 30 minutes of UV-light irradiation in presence




Conclusion

In conclusion, we presented the first example of tubular nanorobots with extended light absorption
wavelengths. Under both UV and blue-light irradiation, the black-TiO./Ag showed peculiar rotational and
random propulsion modes with stop-go abilities by switching on-off the light. Specifically, under UV-light
irradiation and in the presence of a very low amount of H.O; (0.025%) the nanorobots showed self-propulsion
activity. They registered a maximum speed of 500 + 173 rpm min*and 31 + 11 um sec? in 0.1% H,O, for
rotational and random motion, respectively. Noticeably, the number of nanorobots undergoing the rotational
motion decreased by increasing the wavelength of light irradiation. Also, the speed of the nanorobots moving
randomly decreased to 11 + 3 um sec® under blue light illumination in 5% H,O.. This hindered motion is
primarily due to faster surface recombination phenomena of the photogenerated electro-hole pairs.

The combined effect of autonomous movement and antibacterial activity of the B-TiO,/Ag nanorobots allow
their use as efficient nanotools for the removal of bacterial biofilm grown onto titanium orthodontic implants.
According to the LIVE/DEAD assay results, the nanorobots were able to remove about 40% of the bacterial
biofilm in 30 minutes under motion conditions. This results open a new route towards the study and treating
most common dental implants (screws and plates), especially in removing bacterial communities among the
microcavities between soft tissues and dental implants, which are difficult to reach and treat with conventional

therapies.

Methods
Materials
Titanium foils were purchased from Sigma-Aldrich (thickness of 0.25 mm and 99.7% purity). Diethylene
glycol (DEG, 99%), ammonium bi-fluoride salt (NH4F.HF) were purchased from Sigma-Aldrich (Merck,
Germany). Ag target was purchased from Neyco (France). Methycillin-resistant Staphylococcus aureus
(MRSA,CCM 7110) Aggregatibacter actinomycetemcomitans (CCM4688), and Streptococcus mutans

(CCM7409) were obtained from the Czech Collection of Microorganisms (CCM, Brno, Czech Republic).



Preparation of separated TiO, nanotubes and reduction process (B-TiO2 hanotubes)

Separated  TiO. nanotubes were  synthesized via  electrochemical anodization of a titanium
foil. The platinum sheet and the Ti foils were used as a counter and working electrodes respectively.
The Ti foil with 2x1 cmin size, was first chemically cleaned by ultrasonication in acetone, ethanol, and
deionized water for 15 min in each bath. Then, the foil was dried in nitrogen stream before being placed into
the anodization setup. The electrochemical anodization was performed using a constant current voltage of 60
V at 35°C for 2 hand the electrolyte contained 96 mL diethylene glycol, 0.6 wt.% NH.F.HF, and 4 mL
deionized (DI) water. Finally, all the synthesized samples were calcined at 450 °C in air for 2 h with heating
and cooling rate of 2°C/min. To prepare the reduced TiO. nanotubes, the samples were putina tube

furnace under H. atmosphere with flow rate 10 mL/min for 1 h at 450 °C.

Preparation of B-TiO»/Ag hanorobots and motion analysis

30 nm of Ag layer was deposited on the B-TiO nanotubes through a Leica EM ACE600 high vacuum sputter
coater. Then, the obtained B-TiO,/Ag nanorobots were removed from the Ti foil by a scalpel.

The nanorobots motion in the UV-light range was recorded in ultra-pure water in presence of different
concentration of H,O, (0.025, 0.1, and 0.5%) and exposed to 365 nm UV LED (Cool LED pE-100) operating
at 1600 mW cm2light intensity. All videos were recorded at 50 fps and analyzed through Fiji Imaj software.
For visible light motion analysis two different filter cubes were used to

obtain two different light emissions: 450—470 nm (blue), and 540—550 nm (green). The two light emissions
were used to study the self-propulsion abilities of the nanorobots and study the effect of wavelength on their
propulsion actuation and speed. Furthermore, the effect of several concentrations of H.0O- (1, 2.3, and 5%) was
monitored. All motion was recorded using a charge coupled device (CCD) camera at 20 frames per second

with a magnification of 60X.

Antibiofilm experiments
Bacterial inoculum composed by MRSA, Aggregatibacter actinomycetemcomitans and Streptococcus mutans

(1:1:1) was used for the multispecies biofilm growing.



For viability tests sterile biofilm was grown onto polystyrene cell wells. Every 24 hours fresh BHI medium
was replaced. After 2-days the wells with biofilm were washed three times by PBS and treated by 4 different
concentrations of B-TiO2/Ag nanorobots (200, 50, 5, and 0.5 pg/mL) with 0.1% of H202 and a sample without
H»O, was used as a reference sample. The treated samples were illuminated by a 365 nm UV lamp for 30 min.
Afterwards, the plates were washed three times by PBS. To measure the bacteria cells viability all samples
were treated with Alamar blue fluorescence stain in PBS (9:1) and the fluorescence (560/590 nm,
excitation/emission) of the samples was measured.

LIVE/DEAD assay was measured on bacterial biofilm grown on Ti miniplates and treated with the nanorobots.
Ti sheets were placed in 6-well cell culture plate, dipped in bacterial inoculum and incubated 5 hours.
Afterwards, bacterial inoculum was replaced by fresh BHI+1% sucrose medium and incubated overnight. The
biofilm was treated with samples (nanorobots and reference) dispersed in ultrapure water and 0.1% H.O,, at a
concentration of 100 pg/ml (concentration chosen according to viability test) under UV-light irradiation for 30
minutes. As a control, 0.1% H,0,was used. LIVE/DEAD bacteria cells were measured by BacLight Bacterial
Viability and Counting Kit (Invitrogen) according to manufacturer’s instructions.

Bacterial biofilm eradication on the surface of miniplates was also measured with a Keyence Digital
Microscope VHX-5000 High-Resolution Zoom Lens VH-Z500R/Z500T (Mechelen, Belgium). Samples were

prepared as mentioned above and biofilm surface coverage was determined based on the brightness threshold.

Numerical Simulation

The numerical simulation was carried out using the transport of diluted species module of the COMSOL
Multiphysics software. For this purpose, the cross-section of the B-TiO2/Ag nanorobots was considered. For
the sake of simplicity, these were assumed as nanorods, rather than nanotubes, with a diameter of 200 nm and
a length of 3 um. The asymmetric and symmetric Ag coatings, corresponding to the rotating and swimming
nanorobots, respectively, were designed by layers with a thickness of 30 nm, as shown in Figure 3(a). The H*
generation due to the reaction between photogenerated holes in B-TiO; and H,O, was simulated by choosing
B-TiOy/water boundaries as the generation ones. For this calculation, an H* diffusion coefficient in water at

25°C of 9.310x10°° m? st was used. Instead, the photogeneration rate was set to 1 mmol m2s™.



Characterization techniques

TESCAN MIRA3 XMU SEM equipped with an Oxford Instruments energy dispersive X-ray (EDX) detector
was used to analyze the surface morphology and the elemental composition of B-TiO./Ag nanorobots.

To record all videos a Nikon ECLIPSE TS2R inverted microscope coupled to a BASLER acA1920-155uc
digital camera was used. For digital microscopy, samples were observed directly in native state and images

were evaluated by ImageJ graphic software.
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