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Autonomous self-propelled tubular microrobots based on titanium dioxide
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degradation of dental biofilm strains. The killing ability of these micromachines is
attributed to their antibacterial activity and the continuous generation of
microbubbles at the biofilm surface.
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Chemical Microrobots as Self-Propelled

Microbrushes against Dental Biofilm

Katherine Villa," Jitka Viktorova,? Jan Plutnar,” Tomas Ruml,” Lan Hoang,” and Martin Pumera’.34:56.*

SUMMARY

Mouths offer the perfect environments for microbial cell formation,
promoting the growth of biofilms, for example, on teeth. Dental bio-
film exhibits strong resistance to antibiotics and is a cause of many
dental diseases. Common strategies for dental biofilm removal
involve the addition of high concentrations of hydrogen peroxide
(H20,), which increases tooth sensitivity, or mechanical procedures.
Here, we report a different approach based on self-propelled micro-
machines with high antibacterial activity for the degradation of
dental biofilm. Such microrobots use low concentrations of fuel for
their propulsion, and they achieve an efficient dental biofilm disrup-
tion in only 5 min of treatment. Moreover, these microrobots are
biocompatible with epidermal and organ cells and may stimulate
the immune system to fight against microbial infection. This
approach of exploiting the active motion of bubble-propelled cata-
lytic micromachines for oral biofilm disruption may open the door
for more efficient and sophisticated treatments in dentistry.

INTRODUCTION

Microrobots/nanorobots (also called micromotors/nanomotors) have attracted
considerable attention over the last decade because of their unique capabilities of
self-propulsion in diverse liquid environments to target specific tasks at the micro-
scale/nanoscale.” In particular, these devices have demonstrated important ad-
vances in the biomedical field.?® For instance, their active motion has resulted in
more efficient drug-delivery treatments compared to passive particles. These de-
vices have also been successfully used in cell manipulation,* cargo transportation,®

and biosensing.”:®

Over the years, different types of microrobots/nanorobots that can move either in the
presence of chemical fuels or under the application of external fields have been
developed.” Among them, catalytic machines composed of a catalytic engine (Pt)
that enables the catalytic decomposition of hydrogen peroxide (H,O,) into oxygen
(O) molecules remain the most studied type.' Depending on their size, the motion
mechanism can be classified as self-diffusiophoresis or bubble propulsion.’®"" The
latter usually exhibits strong bubble thrust and higher speeds.'” However, their appli-
cation in the biomedical field is limited due to the well-known toxicity of H,O».

Dental biofilm, also known as dental plaque, is a causative agent of dental diseases,
such as caries, gingivitis, and periodontitis."? Dental biofilm is mostly composed of
diverse types of bacteria that stick to one another on the surface of teeth or dental
implants.'® Since the whole biofilm is protected by a self-produced matrix of organic
polymers, this type of microbial infection is more resistant to therapeutic procedures
and immune system responses in comparison to planktonic (free) bacteria.'®
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Likewise, the efficacy of the applied mechanical or chemical treatment is rather
restricted due to the poor reachability to interdental cavities.'® Therefore, an explo-
ration of alternative treatments that exhibit efficient antibiofilm activity is required.

Here, we present self-propelled tubular microrobots that are able to efficiently disrupt a
synthetic biofilm composed of a mixture of dental strains by the combination of an
autonomous generation of microbubbles with the in situ formation of reactive species,
such as hydroxyl radicals, on the biofilm surface. These devices consist of a biocompat-
ible material (titanium dioxide, TiO,) decorated with Pt nanoparticles (NPs) in the inner
surface, which are responsible for fuel decomposition. Since H,O; is a safe oxidant agent
for dental disinfection procedures, the combination of the autonomous movement of
these antibacterial microrobots in such treatments results in a synergistic effect that
boosts biofilm degradation rates. Because of their tiny sizes and autonomous motion,
these micromachines hold the potential for wider reachability of dental cavities, which
is difficult to achieve by the current approaches. Overall, this work represents an innova-
tive application of catalytic microrobots in dental procedures.

RESULTS AND DISCUSSION

Synthesis and Characterization of Microrobots

Considering that tubular micromachines have demonstrated more efficient bubble
propulsion than spherical ones,"” we opted for the development of tubular TiO,/
Pt microrobots. Previous works have documented the fabrication of single-compo-
nent TiO, tubular micromotors by dry spinning'® or rolled-up technologies."” How-
ever, the resulting tubular structures consist of heterogeneous sizes with limitations
regarding the size variability. In this work, we present the synthesis of biconical TiO,-
based microrobots by a combination of atomic layer deposition (ALD) and commer-

cial membranes, without requiring a silica matrix.”°

Figure 1 is a schematic illustration of the fabrication process and characterization of the
TiO2/Pt microrobots. The tubular morphology was obtained by using a biconical mem-
brane of 2 um pore diameter as a template. TiO, was grown inside the membrane using
ALD. Afterward, the Pt NPs were photodeposited inside the tubes under UV-visible light
irradiation in the presence of ethanol as a sacrificial agent. Then, the TiO,/Pt tubes were
released by dissolving the membrane in dichloromethane (Figure 1A). The characteriza-
tion of the TiO,/Pt microrobots was performed by scanning electron microscopy (SEM),
scanning transmission electron microscopy (STEM), Fourier transform infrared spectros-
copy (FTIR), and X-ray diffraction (XRD). Figure 1B shows the SEM image of the TiO,/Pt
microrobots, which consist of a biconical tubular morphology. Such an asymmetrical
tubular structure is advantageous for efficient bubble propulsion.”’ The tubes exhibit
an average maximum length of 17 + 2 uym and a diameter of 2 + 0.2 um (estimated
from the SEM images of 40 tubes). As is evident by the SEM magpnification image shown
in Figure 1C, the thickness of the TiO layer was found to be ~200 nm. The STEM image
confirms the hollow tubular structure of the microrobots. Moreover, it shows the homo-
geneity of the tubes in terms of shape and length (Figure 1D). Tiny nanotubes with a diam-
eter ofup to 100 nm can also be obtained by changing the membrane pore size from 2 um
to 100 nm, which shows the versatility and shape reproducibility that this methodology
offers for the fabrication of nano- and microrobots (see Figure S1). The energy-dispersive
X-ray (EDX) mapping images confirm the presence of Ti, O, and Pt in the structure of the
microrobots (Figures 1E-1G), showing that the Pt NPs are mostly accumulated at the
edges of the tubes (Figure 1G). Furthermore, the EDX spectrum corroborates the pres-
ence of Ti, O, and Pt. Likewise, some C and Cl element impurities are also seen, due to
the release/washing of the tubes with the organic solvent (see Figure S2). The FTIR
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Figure 1. Fabrication and Characterization of TiO,/Pt Tubular Microrobots

(A) Schematic illustration of the synthesis of TiO,/Pt microrobots by ALD and photodeposition methods.
(B) SEM image of TiO,/Pt microrobots.

(C) Magnification of an SEM image showing the thickness of TiO, tubes.

(D) STEM image of TiO,/Pt microrobots.

(E-G) EDX mapping images of TiO,/Pt microrobots.

spectrum of TiO,/Pt microrobots is shown in Figure S3. A wide peak centered at
3,350 cm™" that corresponds to the stretching vibration of ~OH groups from the
Ti~OH bonding and/or water adsorbed on the microrobots is observed. Two small bands
at 1,131 and 1,052 cm™" corresponding to the symmetric and asymmetric modes of the
Ti-O-C bond are also identified.?” Such bands may be attributed to the residual C from
the polycarbonate template. The characteristic peak of the Ti—O vibration at ~528 cm™"
from the TiO, structure is also detected.” Since the TiO, ALD-deposition temperature is
limited by the polycarbonate membrane resistance, the fabrication procedure was
performed at 120°C. As a result, the TiO,/Pt microrobots exhibit a non-crystalline struc-

ture (see Figure S4).

The motion mechanism of the microrobots is mediated by the catalytic decomposi-
tion of H,O, into H,O and O, by the Pt NPs present in the inner surface. This leads to
the formation, nucleation, and expulsion of O, bubbles from one end of the tube
that triggers its motion in the opposite direction. Figure 2A shows a representative
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Figure 2. Motion Characterization of TiO,/Pt Microrobots
(A) Snapshot images of TiO,/Pt microrobots moving in a solution of 0.5 wt% H,O, and 0.1 wt% surfactant. Scale bars: 10 um.
(B) Speed of the TiO,/Pt microrobots at different concentrations of H,O, (n = 10; error bars represent the standard deviation).

motion style of the TiO,/Pt microrobots by bubble propulsion mechanism in the
presence of H,O, (see Video S1). As can be seen from the tracking trajectories
included in Figure S5, these microrobots mainly move by following circular trajec-
tories, due to the asymmetrical distribution of the Pt NPs inside the microrobots.”*
However, straight swimming trajectories were also observed (see Video S2).

Atlow H,O; concentrations, the TiO,/Pt microrobots were able to move for a period
of up to 10 min. However, their motion can be easily re-established by adding more
fuel to the solution. Keeping in mind that high concentrations of H,O, may involve
secondary effects in dental treatments,”>** we examined only the motion capabil-
ities of our micromotors at a minimum fuel concentration of 0.5 and 1 wt%. Figure 2B
shows the speed of the microrobots at these fuel concentrations. Unlike other
tubular microrobots that were based on photocatalytic materials of similar sizes,”’ %8
these TiO,/Pt micromachines were able to efficiently swim at 0.5 and 1 wt% fuel con-
centration by exhibiting maximum speeds of 48 + 6 and 113 + 12 um s~ ', respec-
tively. These values are comparable with other speeds shown by bubble-propelled

microrobots synthesized by electrochemical methods.?”*°

Disruption of Dental Biofilm Strains

Previous works have studied the application of microrobots in targeting different
types of biofilms. For instance, Stanton et al.*" reported biohybrids based on mag-
netotactic bacteria for Escherichia coli antibiofilm activity under magnetic fields.
Likewise, a recent study demonstrated the potential of catalytic microrobots
composed of Fe304 NPs for the degradation and removal of a Streptococcus mutans
biofilm on biotic and abiotic surfaces under external magnetic actuation.*? Inspired
by these pioneering works, the main purpose of the present article was to exploit the
antibacterial performance of bubble-propelled TiO,/Pt microrobots in the
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disruption of dental biofilm strains as a novel approach that does not involve the
application of external magnetic fields.

Conventional procedures for treating dental biofilm plaque include the use of anti-
septic agents such as chlorhexidine (CHX) and H,0,.>° Some studies have shown
that CHX has a limited effect on biofilm degradation and has some undesirable ef-
fects, such as tooth staining.>>™** Since our microrobots require the addition of
H,O, for their propulsion, we only studied the synergistic interaction between
H,O; and the autonomous self-propelled TiO,/Pt microrobots. For this purpose,
we selected a dental biofilm model consisting of a mixture of dental strains,
including S. gordonii, Veillonella parvula, Fusobacterium nucleatum subsp. Nuclea-
tum, and Actinomyces naeslundi.

Initially, we performed a screening on the effect of different H,O, concentrations on
the viability of the dental biofilm. As shown in Figure 3A, it was found that at up to 1
wt% concentration, H,O, was not toxic for the in vitro biofilm model system. Accord-
ing to the US Food and Drug Administration’s (FDA's) and the International Organi-
zation for Standardization’s (ISO’s) standards, only viability values <80% are consid-
ered cytotoxic.’® Therefore, we selected 1 wt% H,O, as the optimal concentration
for the dental biofilm viability tests. It should be noted that higher H,O, concentra-
tions (~6 wt%) are usually considered a safe dose for the limited treatment of
gingival infections or teeth whitening. Such discrepancies with our findings may
be attributed to the complexity of the oral cavity, which contains diverse enzymes
that are able to react with H,O,, leading to different chemical sensitivities.*’

Figure 3B shows the viability of the dental biofilm after treatment with different concentra-
tions of the TiO,/Pt microrobots and their combination with 1 wt% H,O,. Considering that
H2O, can harm oral soft and hard tissues when applied in high concentrations at long

exposure times,””%°

the multispecies dental biofilm was treated for only 5 min. Video
S3 shows the autonomous motion of TiO,/Pt swimming in H,O, from 1 to 5 min. The
viability of the biofilm was estimated by the resazurin-based staining method by following
the pink fluorescent resorufin product. The intensity of the generated fluorescence is pro-
portional to the metabolically active cells present in the biofilm.*® We were surprised to
find that, even in the absence of H,O,, the TiO,/Pt microrobots themselves have strong
antibacterial activity against the tested biofilm model. Their toxicity increased by
increasing the number of microrobots. However, the combination of TiO,/Pt microrobots
with 1 wt% H,O, leads to the highest biofilm removal (killing effect of up to 95%). The addi-
tion of the fuel leads to a statistically significantimprovement in biofilm removal (see Table
S1). From a cost-effective point of view, the fact that lower concentration of microrobots in
combination with H,O, achieve such efficient removal rates is very promising for future
real-world applications.

Commonly, the antibacterial activity of TiO, under UV light has been attributed to the gen-
eration of reactive oxygen species (ROS) upon illumination, which causes oxidative cell
death. However, several publications have appeared in recent years documenting that
TiO; is able to generate reactive radicals (e.g., hydroxyl radicals), even under dark condi-
tions.””~*? Such radical generation without light irradiation has been observed for amor-
phous, anatase, and rutile TiO, phases,”® and it is mainly mediated by the reaction
between the TiO; surface and dissolved O,.** Moreover, the generation of the ROS by
TiO2 may be enhanced by the addition of H,O, through a Fenton-like mechanism,
enhancing the oxidizing effect of TiO; in the dark.”%*"*> In addition to these properties
of TiO, the TiO,/Pt microrobots are able to simultaneously decompose the H,O; into
O, bubbles. Therefore, the overall killing effect of the TiO,/Pt microrobots may be
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Figure 3. Dental Biofilm Degradation by TiO,/Pt microrobots

(A) Viability of dental biofilm in the presence of different concentrations of H,O, (n = 8; error bars represent the standard error of the mean).

(B) Viability of dental biofilm after treatment with different concentrations of TiO,/Pt and their combination with 1 wt% H,O; (n = 4; error bars represent
the standard error of the mean).

(C) Fluorescence intensity of 2-hydroxytherepthalic acid resulting from the reaction between terephthalic acid and TiO,/Pt microrobots in an H,O; solution.
(D) Schematic illustration of dental biofilm degradation by bubble-propelled microrobots and confocal microscopy images showing microrobot-
triggered biofilm cell death over time, including a bright-field microscopy image of the biofilm and a fluorescence microscopy image (excitation/
emission: 535/617 nm) of the biofilm stained with propidium iodide displaying death cells after 5 min of treatment.

attributed to the following factors: (1) the active motion and continuous generation of O,
microbubbles by the microrobots, which may significantly contribute to physical disrup-
tion of the biofilm or to a biofilm response toward high local O, concentrations,”'**”
and (2) the simultaneous generation of ROS that have a strong oxidizing power, which pro-
motes cell damage.?”

The generation of ROS, such as hydroxyl radicals, by the TiO,/Pt microrobots in the
presence of H,O; in the dark was also corroborated by photoluminescence. For this,
terephthalic acid was used as a probe molecule, which traps the hydroxyl radicals to
produce 2-hydroxyterephthalic acid (fluorescent molecule).”® As can be seen from
Figure 3C, the amount of 2-hydroxyterephthalic acid increased over time,
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Figure 4. Effect of TiO,/Pt Microrobots on Human Cells

(A) Cell viability of 2 human cell lines: epithelial cells (HEK293T) and human keratinocytes (HaCaT) in the absence (dark color) and presence (light color)
of microrobots (n = 4; error bars represent the standard error of the mean). p values were determined using the Excel t test function (2-tailed
distribution, heteroscedastic type).

(B) Relative NO production by macrophages resulting from the immune stimulation induced by the microrobots (n = 4; error bars represent the standard
error of the mean). Asterisks indicate the differences between groups and the control (t test, *p < 0.05, **p < 0.005).

confirming the generation of hydroxyl radicals by the swimming of the TiO,/Pt mi-
crorobots in the peroxide/terephthalic acid solution.”” Complementarily, the biofilm
cell death triggered by the microrobots after 5 min of treatment was also seen using
confocal microscope imaging (Figure 3D).

These microrobots could potentially be used for two different approaches: disinfec-
tion of orthodontic dental accessories and/or direct dental treatments. In the first
case, the microrobots could be recycled by providing them with a magnetic
response, e.g., decoration of their structure with magnetic NPs. After treatment of
the dental pieces in a solution, the microrobots could be collected by a magnetic
bar for further reuse. In the second case, the microrobots could be removed by
rinsing the mouth with water several times. Further studies dealing with the develop-
ment of more cost-effective microrobotic systems for this type of application will be
performed in the future.

Considering that the application of the TiO,/Pt microrobots for dental biofilm
disruption would involve the contact of these micromachines with other mouth com-
ponents, we also investigated the effect of TiO,/Pt microrobots on the viability of the
surface epithelial and epidermis cells. Figure 4A shows the viability of two human cell
lines—epithelial cells (HEK293T) and human keratinocyte cells (HaCaT)—in the pres-
ence and absence of the microrobots. No toxicity toward the tested human cell lines
was found in the presence of microrobots up to the tested concentration.

Since the generation of NO molecules by macrophages is commonly associated with
activation of the immune system against bacterial infections,”” we also evaluated the
ability of our microrobots to stimulate NO production. As represented in Figure 4B,
an increase in the number of microrobots leads to higher NO production, demon-
strating their positive stimulation of the immune system to fight against microbial
dental infection.

In conclusion, we have fabricated TiO,/Pt microrobots with a highly reproducible
tubular shape by a membrane template-assisted ALD technique. Due to the
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presence of Pt NPs in their inner structure, these microrobots can decompose H,O,
into O, bubbles. As a proof of concept, we used these TiO,/Pt microrobots for the
degradation of a multispecies-based dental biofilm. [t was found that in only 5 min of
treatment, these micromachines achieved >95% of biofilm degradation. The killing
effect was attributed to the combination of the antibacterial activity of TiO,/Pt mi-
crorobots with the simultaneous generation of hydroxyl radicals and microbubbles
on the surface of the biofilm. This work provides an alternative, novel approach
based on bubble-propelled microrobots for the potential treatment of dental pla-
que or decontamination of dental implants. The main advantage includes a synergis-
tic effect of the TiO,/Pt microrobots with common disinfection agents, such as H,O»,
that enable the use of lower H,O, concentrations, which is beneficial for repetitive
treatments in dentistry applications. Moreover, owing to their autonomous motion
and tiny sizes, they could also reach a broader area of the biofilm surface. From an
expanded point of view, micromachine-led disruption of biofilms will have a signif-
icant impact on a wide scope of biomedical applications.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Martin Pumera (pumera.research@gmail.
com).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The published article and the Supplemental Information include all of the data
generated or analyzed during this study.

Materials

Fabrication of TiO,/Pt Microrobots

TiO, tubular microrobots were obtained by ALD by using a PICOSUN R-200
Advanced ALD system. Titanium tetrachloride (TiCly 99.99%) and water (Milli-Q)
were used as the precursors and N, (99.9999% purity) as the carrier gas. A polycar-
bonate membrane (Whatman, biconical micropores, 2 um diameter) was used as the
template. The deposition parameters were as follows: deposition temperature,
120°C; chamber pressure, 300 Pa; TiCls pulse, 0.2 s; N, purge, 10 s; H,O pulse, 1
s; and Ny purge, 10 s. The pulse sequence was repeated 200 times. Once the
TiO; tubes were deposited inside the membrane, the membrane was transferred
into an H,PtClg solution (1 mL, 60 mM) containing 3 mL ethanol and polyvinylpyrro-
lidone (PVP, 20 mg). Then, the Pt NPs were grown inside the tubes by irradiation of
the Pt precursor with a UV-vis Osram lamp for 1 h. A change in the color from light
yellow to black showed the formation of the Pt NPs. Afterward, the membrane
was polished with alumina particles (8 pm) to remove the excess of Pt on the surface.
The polished membrane was dissolved in dichloromethane (1 mL) and shaken for
3 min. The released TiO,/Pt tubes were collected by centrifugation at 9,000 rpm
for 5 min. This procedure was repeated 2 more times with dichloromethane. Finally,
the microrobots were washed with ethanol and water (3 times each).

Characterization of TiO,/Pt Microrobots

The morphological and structural characterization of the microrobots was per-
formed by a Tescan MAIA3 microscope equipped with an EDX detector. STEM
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images were acquired with a Tescan LYRA dual-beam microscope equipped with a
field emission gun (FEG) electron source and STEM sample holder at an electron
beam voltage of 30 kV. Attenuated total reflectance (ATR)-FTIR measurements
were performed on a NICOLET iS50R FTIR spectrometer (Thermo Scientific). A Dia-
mond ATR crystal and a deuterated triglycine sulfate (DTGS) detector were used for
all of the measurements, which were carried out in the range of 4,000-400 cm " ata
resolution of 4 cm ™. The crystal structure of the TiO,/Pt was determined by XRD us-
ing a Bruker D8 Discoverer diffractometer with parafocusing Bragg-Brentano geom-
etry and Cu Ka radiation source. An ethanolic suspension of the microrobots was
drop cast several times onto a Si low background sample holder. XRD data were
collected in the 26 range between 20° and 60°.

Motion Characterization of TiO,/Pt Microrobots

The motion of TiO,/Pt microrobots was characterized by using an inverted optical
microscope (Olympus IX73) equipped with a camera (Retiga R1 CCD). For the
recording of the videos, a suspension of the microrobots was placed onto a glass
slide, and the fuel solutions were added. The speed and tracking of the microrobots
were calculated from the recorded videos using NIS Elements tracking software.

Characterization of the Generation of Hydroxyl Radicals by TiO,/Pt Microrobots
The generation of hydroxyl radicals by TiO,/Pt microrobots was examined by the ter-
ephthalic acid method. A solution containing H,O, (0.5 wt%), terephthalic acid
(0.125 mM), and 25 plL of a suspension of microrobots (100%, 0.0012 mg mL™")
was prepared. The formation of 2-hydroxyterephthalic acid due to the reaction be-
tween terephthalic acid and hydroxyl radicals was detected by photoluminescence
(PL) using a Fluorolog Extreme (Horiba) system equipped with a Xe lamp (450 W), a
double-excitation monochromator, and an iHR320 monochromator with a thermo-
electrically cooled photomultiplier tube (PMT) detector. The PL spectrum was ob-
tained from 360 to 550 nm at a 312-nm excitation wavelength.

Cytotoxicity of TiO,/Pt Microrobots

The toxicity of the mammalian tissue culture was studied on HEK293T ATCC CRL-
11268TM (epithelial cells) and HaCaT CLS 300493 (human keratinocyte). The cells
were cultured in standard Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with fetal bovine serum (FBS, 10%) and 1x antibiotic antimycotic solution
and subcultured 2 x/week by a standardized detachment procedure using trypsin-
EDTA (0.25%). After 72 h of the toxicity experiment, the cells were harvested from
exponential-phase cultures and the cell number was counted automatically using
Cellometer Auto T4 Automated Cell Counter (Nexcelom Bioscience). For the cyto-
toxicity experiments, 100 pL 1 x 10° cells mL™" were seeded into each well of a
96-well plate. The microrobots (0.0012 mg mL™") were tested in triplicate within
the same experiment. The cell viability was evaluated after 72 h of incubation by
the standard resazurin assay.””

Immunomodulatory Effect of TiO,/Pt Microrobots

The murine macrophage RAW 264.7 cell line was used to determine the effect of the
microrobots on macrophages. The cells were cultured according to the standardized
procedure as described above. For the experiment, 100 uL 1 x 10° cells mL~" were
seeded into each well of a 96-well plate. After 48 h, the DMEM medium was changed
for essential medium Eagle no phenol red (MEM), the cells were washed 3 x with phos-
phate-buffered saline (PBS), and E. coli lipopolysaccharide (LPS, 1 ug mL™" in MEM)
and different concentration of micromotors (1 plL) were added to a final volume of
100 pL. After 24 h, the medium was mixed with Griess reagent (0.04 g mL~", prepared
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fresh in deionized water) in a 1:1 ratio in a new 96-well plate. The absorbance was
measured at 540 nm after 15 min. The cell viability was evaluated after 72 h of incuba-
tion by standard resazurin assay. All of the experiments were performed in triplicate.

Since NO is highly unstable, it undergoes oxidative degradation into nitrite and ni-
trate ions. Thus, the Griess method consists of the indirect determination of NO by
the measurement of those stable compounds by UV-vis spectrophotometry.®* The
Griess reaction involves the reaction of the nitrite ion with sulfanilamide, forming a
diazonium salt as a product. The resulting product reacts with N-1-naphthyl ethyle-
nediamine dihydrochloride to form an azo product with a pink-red color, which is
measured at 540 nm.

Dental Biofilm Disruption Experiments

The ability of the TiO,/Pt microrobots to disrupt a biofilm was tested in a multispe-
cies dental biofilm consisting of S. gordonii (DSM 6777), V. parvula (DSM 2008),
F. nucleatum subsp. nucleatum (DSM 15643), and A. naeslundii (DSM 43013). The
assays were performed in 96-well plates. The overnight culture of each strain was
diluted with brain heart infusion (BHI) broth to obtain turbidity equal to a 0.5 McFar-
land standard. After that, the mixed bacterial suspension was prepared in a volume
ratio of 1:1:1:1 and aliquots (100 uL) were pipetted into each well of the plate. After
72 h of incubation at 37°C, the medium was removed, and the wells were washed 3 x
with PBS (pH 7.4). The non-toxic concentration of H;O, was determined by adding
different concentrations of H,O, (from 0 to 5 wt%) in sterile deionized water into
each well. The experiment was realized in a total volume of 100 pL and each test
was repeated 8X. The highest concentration of H,O, with percentages of cell
viability >80% was considered non-cytotoxic according to ISO 10993-5. The toxicity
of microrobots was determined by the application of different concentrations of mi-
crorobots (from 0.24 to 1.2 ug mL™") in sterile deionized water into each well. The
experiment was realized in a total volume of 100 pL and each test was repeated
4x. The disruption of biofilms by moving microrobots was realized by the addition
of different concentrations of microrobots in sterile deionized water supplemented
with the non-toxic concentration of H,0O5 (1 wt%) into each well. The experiment was
realized in a total volume of 100 uL and each test was repeated 4x. After 5 min of
incubation with each control, the solution was removed, the wells were washed
3x by PBS, and resazurin in PBS (100 pL, 0.03 mg mL~") was added.”® The viability
of the biofilm was evaluated by measuring the fluorescence (560/590 nm, excitation/
emission) of the samples.

The biofilm was visualized by using an Andor Revolution XD (Andor Technology)
confocal microscope. The biofilm was washed 3 X with PBS (pH 7.4). Then, the stain-
ing solution containing propidium iodide (PI, 39 pg mL™") in water was applied for
5 min. Finally, the staining solution was removed, and the biofilm was washed 3x
with PBS (pH 7.4). The excitation and emission wavelengths were 535 and 617 nm,
respectively. The figures were edited using ImageJ 1.51 s software (National Insti-
tutes of Health).

Data Processing and Statistical Analysis

The experiments were done in (n) repetitions, as stated in each figure. The data are
presented as the averages of the repetitions with the standard error of the mean
(SEM). Statistical significance was verified with the Excel t test function (two-tailed
distribution, heteroscedastic type). One-way analysis of variance (ANOVA) was
used followed by Duncan’s post hoc test (p < 0.05) to show the differences between
the groups. For ANOVA, Statistica software version 12 (Tibco Software) was used.
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