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A fuel-free strategy for the eradication of Escherichia coli and Staphylococcus aureus biofilms using WS,
and MoS; photophoretic microflakes is described. The microflakes were prepared by liquid-phase exfolia-
tion of the materials. Under electromagnetic irradiation at 480 or 535 nm, the microflakes experience a
fast collective behavior at speeds of over 300 um s~ due to photophoresis. Simultaneously to their
motion, reactive oxygen species are generated. The fast microflake schooling into multiple moving
swarms results in a highly efficient “collision” platform that disrupts the biofilm, enhancing radical oxygen
species’ contact with the bacteria for their inactivation. As such, removal biofilm mass rates of over 90%
and 65% are achieved using the MoS, and WS, microflakes in the treatment of Gram-negative E. coli and
Gram-positive S. aureus biofilms after 20 min. Much lower removal biofilm mass rates (30%) are obtained

Received 23rd January 2023,
Accepted 20th March 2023

DOI: 10.1039/d3nr00349¢

under static conditions, revealing the crucial role of microflake movement and radical generation in the
active eradication of biofilms. Much higher removal efficiencies are observed in biofilm deactivation as
compared with the use of free antibiotics, which are not able to destroy the densely packed biofilms. The
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Introduction

Antimicrobial resistance (AMR) is considered to be one of the
major threats worldwide, causing up to 6 million deaths every
year.'” Specifically, bacterial biofilms are one of the key issues
to tackle in the battle against AMR. In such a particular environ-
ment, bacteria can encapsulate into a hydrated layer composed
of extracellular polymer substances (EPS) and proteins, generat-
ing such biofilms."*® Thus, the access to antibiotics for adequate
treatment is hampered® but, most importantly, it can be an
additional source of AMR bacteria by a horizontal transfer of
antibiotic resistance genes among the different bacteria
present.” As such, it is of paramount importance to develop new
strategies for highly efficient biofilm eradication. The high
towing force of micromotors (MM), along with their capability
to reach hardly accessible areas, make them promising candi-
dates for the treatment of bacterial biofilms.>™**
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new moving microflakes hold considerable promise for the treatment of antibiotic-resistant bacteria.

To increase biocompatibility and avoid the use for the
supply of harsh external chemicals such as hydrogen peroxide,
MM designs based on reactive particles have been proposed.
For example, clarithromycin-loaded Mg MM" or Ga/Zn MM
can propel gastric acid for the treatment of H. pylori biofilms
in the stomach.™* Yet, the limited lifetime associated with
the dissolution of reactive Mg or Zn prevents their application
in severe infection cases caused by dense biofilms. As an
alternative, urease-driven silica MM modified with antibacter-
ial lysozymes exhibits efficient motion in NaHCO;- and NH;-
rich media for the inactivation of urinary tract E. coli-associ-
ated biofilms."> Additionally, biohybrid magnetotactic
Magnetosopirrillum gryphiswalense MM have been coated with
ciprofloxacin-loaded mesoporous silica for localized delivery
into E. coli biofilms.'® Similarly, Pumera’s group employed
sperm from Clarias gariepinus as a MM for direct physical dis-
ruption and inactivation of E. coli and S. aureus biofilms."”
Still, the above-mentioned biohybrid MM-based configurations
require either external fuels or a living organism for actuation,
thus raising concerns in terms of biocompatibility and applica-
bility. Alternatively, fuel-free magnetic Ga-Fe liquid metals
controlled via magnetic fields can physically disrupt both
Gram-positive (S. aureus) and Gram-negative (E. coli) biofilms
efficiently."® Magnetic Fe;0, MM exhibit a synergetic effect
both as a swarm for biofilm physical disruption and hydrogen
peroxide decomposition for radical generation.'® Selective
biofilm inactivation has been achieved using ciprofloxacin-
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modified magnetic MM prepared using tea leaves® or lanbio-
tic-modified graphene oxide/Fe,O; Janus MM.>' Compared
with the vast progress in magnetically propelled MM for
biofilm inactivation, a few strategies based on light-driven
schemes have been described. For example, ZnO/Ag MM acti-
vated with UV light combine autonomous propulsion with the
inherent antibacterial properties of the material. Yet, the
requirements for hydrogen peroxide as a co-reagent for propul-
sion hamper the applicability of MM.?* Thermophoretic NIR-
driven mesoporous silica MM coated with gold can inactivate
S. aureus biofilms in 10 minutes combining localized thermal
conversion along with controlled delivery of vancomycin,
without damaging surrounding tissues. The latter results indi-
cate the suitability of the combination of photothermal
materials with MM for biofilm inactivation.>?

Transition metal dichalcogenides (TMDs) such as MoS,
and WS, are promising 2D materials with high photothermal
conversion abilities and the so-called quantum confinement
effect for interaction with electromagnetic radiation. Such pro-
perties have been exploited for the inactivation of bacterial bio-
films, either by the photothermal therapy of S. aureus under
NIR light irradiation,> or reactive oxygen species (ROS) pro-
duction by illumination with VIS and UV light for E. coli inacti-
vation.”® Adequate exfoliation of the material is key to fine-
tuning the bandgaps for interaction with electromagnetic radi-
ation and efficient ROS production.*® In the MM field, TMDs
such as MoS, colloids propelled by self-electrophoretic effects
upon UV light action have been used for photolithography pur-
poses.”” Our group has described the capabilities of WS,/Pt
catalytic MM for ROS production upon NIR irradiation.>®

We have illustrated the light-triggered photophoretic
motion of WS, micromotors prepared by liquid phase exfolia-
tion of the pristine material. The micromotors can move upon
VIS light irradiation, reaching a speed of 6000 pm s™*, along
with ROS generation.”® Given the photoconversion abilities of
TMDs materials, along with their inherent antibacterial abil-
ities, TMD-based photophoretic microflakes will be explored
as an antimicrobial platform. Specifically, we describe the syn-
thesis of photophoretic MoS, and WS, microflakes with
inherent antibacterial activities for the inactivation of E. coli
and S. aureus biofilms. In the following sections, we will
describe the preparation of microflakes from the exfoliation of
pristine materials. The microflakes exhibit an efficient motion
and swarming behavior upon VIS light irradiation, due mainly
to the photothermal properties of the material, and the sub-
sequent heat release and thermal convection. This, in turn,
generates a convective fluid flow and efficient propulsion
along with the generation of ROS species for bacterial inacti-
vation. As will be illustrated, the high towing force and collec-
tive behavior of the microflakes allow for the physical disrup-
tion of the biofilm. Alternatively, the generated ROS have a role
in bacterial membrane deactivation. The microflakes can inac-
tive E. coli and S. aureus biofilms in just 20 min after treat-
ment, without the requirements for harsh reagents, or modifi-
cation with antibiotic drugs, holding considerable promise for
the on-demand treatment of bacterial biofilms in environ-
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mental and water treatment of food safety-related applications,
among others. To the best of our knowledge, this is the first
time that photophoretic TMD-based microflakes are used for
the treatment of bacterial biofilms.

Results and discussion

The concept of photophoretic microflakes for bacterial biofilm
inactivation is illustrated in Fig. 1. Upon VIS light irradiation,
the microflakes experience a photophoretic swarming behavior.
Simultaneously, ROS are generated via a reaction with the
solvent. Briefly, under irradiation at a suitable energy, electrons
can be promoted from the valence band to the conduction band
generating electron-hole pairs. The photogenerated electrons
can react with O, molecules in water to produce O,  radicals,
whereas the positively charged holes can react with the solvent,
in this case water, to generate OH™ radicals as follows:*%3*

WS, /MoS, + v — e~ +h"
H,0 — H" + OH™
OH™ +h*—"OH
0,+e =07 — 10,

'0,” +H" — OH™

LIGHT OFF

Py =

Fig. 1 Schematic of photophoretic MoS, and WS, microflakes for
E. coli and S. aureus bacterial biofilm eradication. The middle part of the
figure shows the SEM images of an S. aureus biofilm before and after
treatment with WS, microflakes after irradiation at 535 nm for 20 min.
Scale bars, 5 pm.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr00349c

Open Access Article. Published on 20 March 2023. Downloaded on 2/18/2026 4:28:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

It is worth noting that the photogenerated radicals are toxic
for cells and bacteria, inducing the light-stimulated killing of
bacteria and degradation of extracellular polymer substances
that compose the biofilm’s structure. The synergistic effect of
physical and chemical contributions allows for highly efficient
biofilm destruction, as reflected in the scanning electron
microscopy images (SEM) of a representative S. aureus biofilm
obtained before and after treatment with WS, at 480 nm (blue)
irradiation for 20 min

The microflakes are synthesized by controlled exfoliation of
the pristine materials in water. The morphology of the as-
synthetized microflakes was checked by transmission electron
microscopy (TEM), showing irregularly shaped microflakes
with an average size of 1 pm (Fig. 2A). Raman spectrometry of
the microflakes was also performed, confirming the compo-
sition of such particles, and revealing the presence of the A
and E',, phonon modes*® (Fig. 2B). Finally, X-ray diffraction
(XRD) patterns of both materials were recorded (Fig. 2C). All
the main bands for WS, and MoS, were successfully identified,
matching the standards reported for these materials in the
crystallographic database of the International Centre for
Diffraction Data (JCPDS card no. 84-1398 and JCPDS card no.
37-1492, respectively). Hence, from the XRD data, we can
confirm that the starting material exhibits good crystallinity
without major impurities as well. The average crystallite size
was estimated by using Scherrer’s equation. The estimated
average crystallite size was 11 nm and 65 nm for commercial
WS, and MoS,, respectively. SEM characterization and EDX
mapping further corroborate the as-observed morphology of
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Fig. 2 Characterization of the microflakes. (A) TEM images of the MoS,
and WS, microflakes. (B) Raman spectra of each microflake and (C) XRD
patterns of both materials. Scale bars, 500 nm.
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the microflakes, with an average diameter of 1.0 + 0.5 pm and
adequate Mo, W, and S distribution (see Fig. S1 in the ESIf).
Overall, these data testified to the successful preparation of
the microflakes for further experiments regarding their appli-
cability in biofilm disruption.

Before performing the bacterial inactivation experiments,
we tested the propulsion behavior and ROS production capa-
bilities of the microflakes, as depicted in Fig. 3. Upon
irradiation with VIS light at 480 (blue) or 535 nm (green), the
microflakes exhibit a rapid movement and collective behavior
as depicted in Fig. 3A, moving at velocities of up to 274 + 98
(WS,) or 253 + 43 um s~ ' (MoS,) in culture media. To charac-
terize the electromagnetic interaction capabilities of the micro-
flakes, UV-VIS spectra were obtained. The direct bandgaps
were calculated using the TAUC method, rendering a calcu-
lated bandgap of 2.2 eV. As the incident energies are 2.6. eV
for 480 nm irradiation and 2.3 eV for 535 nm irradiation, the
microflakes can interact with these photons, and electrons are
promoted to the conduction band.*® This can induce self-elec-
trophoretic, self-thermophoretic or photophoretic effects.**
Please note here that the asymmetry of the system is not given
by the geometry of the microflakes but through the application
of a radial irradiation gradient. As a result, the microflakes
exhibit positive phototactic behavior, moving from less-irra-
diated areas to more-irradiated areas following a positive
phototactic behavior. This type of asymmetry is most common
in light-driven micromotors. To gain insights into the propul-
sion mechanism, we checked the microflake motion in water
and in N,N-dimethylformamide (DMF). Specifically, DMF was
chosen as a non-cleavable solvent to prevent the generation of
ROS from water, thus prevent the self-diffusiophoretic motion
mechanism. As shown in Fig. 3B, the microflakes move at
similar speeds both in water and DMF, revealing that the diffu-
siophoretic mechanism is not responsible for the observed
motion. In a previous study of MoS, light-driven micromotors,
He et al., identified the MoS, photocorrosion as the leading
mechanism for the motion of their colloidal micromotors.>”
Main photo corrosion products identified were MoO;, H',
S0,>~ and Mo®". The differences in the motion mechanism
with our microflakes can be explained, first, considering that
our micromotors are larger on average. This has some physico-
chemical implications that influence their mobility (ie.
enhanced heat retention, high hydrodynamic drag), which
altogether may limit the efficiency of a diffusiophoretic mecha-
nism in favor of a heat-exchange mechanism. Second, in the
previous article by He et al., the motion is only observed when
UV light is irradiated. In contrast, our microflakes can propel
efficiently in the entire UV-VIS spectrum. Interestingly, our
micromotors can move even at 621 nm, which is below the
bandgap and photocorrosion cannot occur. Therefore, while
photocorrosion may influence the motion of our microflakes
under certain conditions, it cannot be the leading mechanism.
It should be noted here that the speed decreases greatly in bac-
terial culture. Notably, the experiments were performed in the
presence of a biofilm. Hence, the drag of the microflakes with
the biofilm results in a decrease in the speed. Interestingly,
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Fig. 3 Characterization of the propulsion of the MoS, and WS, microfl-
akes in bacterial culture media. (A) Time-lapse images (taken from Video
S17) of the propulsion of MoS, and WS, microflakes before (OFF) and after
irradiation (ON) with electromagnetic radiation at 480 nm (blue) and
535 nm (green) in the presence of an S. aureus biofilm with tracking lines.
Each point in the line corresponds to 22 ms. (B) Corresponding speed plot
in culture media (top), water (middle), and DMF (bottom). (C) Amperometric
measurements were performed in PBS, MoS,, or WS, microflake solutions
under consecutive cycles of visible light irradiation. Error bars correspond
to the standard deviation of 10 measurements. Scale bars, 100 pm.
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due to the high efficiency of the TMD-based light-driven micro-
flakes, they can propel at high speeds (above 200 pm s™') in
such a complex medium. Additional control experiments were
conducted using graphene oxide flakes as thermophoretic
materials with negligible phototactic ability.

As can be seen in Video S1,T no apparent motion of the gra-
phene oxide flakes is observed. This finding indicates that the
photophoretic mechanism is the main responsible for the WS,
and MoS, microflake propulsion, as the motion is due to the
heat-conversion capabilities of TMD-based flakes. In con-
clusion, the interaction of incident radiation with the elec-
tronic structure of dichalcogenides generates localized
heating, which during dissipation renders a hydrodynamic
flow responsible for the collective microflake behavior.**3°
Further details on the propulsion mechanism of photophoretic
TMD-based microflakes can be found in the literature with
insights into the swarming capabilities of such microflakes
and an in-depth study of the interactions between micromo-
tors and the surrounding media.> In addition, the holes and
vacancies generated in the microflakes are active sites for the
reaction with the solvent. Due to the reaction with free elec-
trons and holes, ROS are generated. Furthermore, this reactive
species can be further exploited in bacterial degradation, as
testified in the amperometric plots in Fig. 3C. In this experi-
ment, solutions containing MoS, and WS, micromotors in
PBS were placed in a transparent ITO electrode and the transi-
ent photocurrent was recorded while irradiating the sample in
the microscope setup with white light. In this experiment, the
photocurrent is related to the separation of charge carriers
(electron-hole pairs), which in the case of TMDs is directly
related to the generation of ROS. As can be seen, a higher
photocurrent was observed for MoS,, followed by WS,. As a
control, transient photocurrent was not observed in the TMD-
free PBS solution.?”

Once we characterized the motion of the microflakes and
the abilities for ROS generation, we tested the abilities for the
eradication of E. coli and S. aureus biofilms as representative
Gram-negative and Gram-positive bacteria, respectively.
Experiments were performed using both SEM observation and
staining with crystal violet (CV) to perform ODso5 measure-
ment (Fig. 4).

Mature biofilms were grown in 96 multi-well cell culture
plates for 48 h as described in the Experimental section in the
ESL.T Optical density measurements (ODsq5) were performed
on positive and negative control wells to assess the ODsg5 for
blank and viable biofilm on every plate. During a typical
biofilm removal experiment, the lysogeny broth (LB) culture
medium was removed from each plate, followed by washing
with PBS and the addition of the microflakes. To assess the
effect of electromagnetic radiation on biofilms containing
microflakes, the plates were irradiated for 20 min using a Xe
arc lamp, with the optical fiber of an inverted microscope and
selecting the desired wavelength (480 or 535 nm). Control
experiments were performed without irradiation and keeping
the bacteria in contact with the microflakes in the dark. After
the treatment, the supernatant with the suspended micro-

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 MoS, and WS, microflake-micromotors (MM) for E. coli and S. aureus biofilm removal. (A) ODsgs measurements under each condition. The
top part shows the images of the plates stained with CV, while the bottom part illustrates the percentage of biofilm mass under different conditions
where: (1) initial conditions without MM; (2) control plates with sterile culture media; (3) biofilm growth in the presence of MoS, MM for 48 h; (4)
biofilm growth in the presence of WS, MM for 48 h; (5) biofilm treated with MoS, MM in the dark (without electromagnetic irradiation); (6) biofilm
treated with MoS, MM at 480 nm (blue) irradiation for 20 min; (7) biofilm treated with MoS, MM at 535 nm (green) irradiation for 20 min; (8) biofilm
treated with WS, MM in the dark (without electromagnetic irradiation); (9) biofilm treated with WS, MM at 480 nm (blue) irradiation for 20 min; and
(10) biofilm treated with WS, MM at 535 nm (green) irradiation for 20 min. (B) Corresponding SEM images of the bacterial biofilms prior, under static,
and after treatment with the MM. Error bars correspond to the standard deviation of 3 measurements. Scale bars, 10 pm.

flakes was carefully removed. The remaining biofilm was eradication, 0.1% CV solution was added and left to react for
washed with PBS and fixed with ethanol. To quantify the 20 minutes at room temperature. The incubation was then fol-
remaining biofilm and test the ability of the microflakes for its lowed by a washing step with PBS. Finally, methanol was

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 9675-9683 | 9679
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added to solubilize the CV and the obtained solutions were
transferred to clean wells for OD5y5 measurements, thus avoid-
ing potential interferences. A decrease in the violet color and,
in turn, the ODsgs value can be related to a higher biofilm
removal rate. For further details, please see the Experimental
section.}

The data in Fig. 4A illustrate the ability of the WS, and
MoS, microflakes for the efficient removal of both E. coli and
S. aureus biofilms. As the experimental data indicate, different
behaviors depending on the type of materials used for
different bacterial strains can be observed. Notably, different
strains display different morphologies and outer membrane
structures, which can affect the ROS interaction mechanism
and kinetics. To assess the effect of non-radiated microflakes
on biofilm mass, we performed a control experiment in the
presence of the microflakes. The results were then represented
in terms of % biofilm mass (a low percentage indicates a
higher removal rate). In this regard, we added a known
amount of microflakes to culture plates during biofilm for-
mation. The obtained results revealed the compatibility of the
microflakes with the bacteria, with a percent biofilm formation
of 94% for E. coli using both materials (bar 3 in Fig. 4A, left
and right) and 70-76% for S. aureus (bar 4 in Fig. 4A, left and
right). These data indicate that the unirradiated material has a
negligible effect on bacterial biofilm eradication, thus eviden-
cing the need for ROS generation and physical scarring.
Thereafter, we performed bacterial biofilm removal experi-
ments. For E. coli, the best removal rate was observed using
the MoS, microflakes at 535 nm (36 and 13% biofilm masses
at 480 and 535 nm, respectively, bars 6 and 7 in Fig. 4A, left),
whereas lower removal rates were obtained for the WS, micro-
flakes (40 and 47% biofilm masses under irradiation at 480
and 535 nm, respectively, bars 9 and 10 in Fig. 4A, left). In the
case of S. aureus, the best results were obtained with the WS,
microflakes, with percentage biofilm masses of 37 and 42%,
after 480 and 535 nm irradiation (bars 9 and 10 in Fig. 4A,
right) respectively. In the case of MoS,, biofilm masses are
higher, ranging from 63 to 59% after irradiation at 480 and
535 nm (bars 6 and 7 in Fig. 4A, right). Control experiments
performed with non-irradiated microflakes (without light
irradiation) revealed much lower degradation rates of 77 and
70% for MoS, and WS, in the treatment of both bacterial
strains (bars 5 and 8 on both plots of Fig. 4A), revealing thus
the crucial role of microflake motion and ROS production for
biofilm inactivation. Furthermore, non-motile MoS, and WS,
(prepared without sonication) were added to both E. coli and
S. aureus biofilms and irradiated. As can be seen in Fig. S2,}
the effect on the biofilm mass of irradiated non-motile MoS,
and WS, is less accused than the effect of irradiated micro-
flakes, especially in the case of E. coli. These results clearly
illustrate the fact that the motion of microflakes plays a
leading role in the removal of bacterial biofilms along with the
generation of ROS. Negligible biofilm
observed under 480 or 535 nm light irradiation in the absence
of microflakes. These data are fully supported by the SEM
images of Fig. 4B, which revealed densely packed biofilms

inactivation was
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before the treatment and in the presence of static MM.
Nonetheless, after the treatment with microflakes at both
wavelengths, biofilm disruption is observed. Particularly, bac-
terial inactivation is indicated by the shape and disposition of
the bacteria. In this regard, the morphological features of the
observed treated biofilms contrast with the control. Finally, to
discard the effect of temperature on bacterial viability, the
temperature was tracked under radiation with both wave-
lengths using a thermocouple. As the results depicted in
Fig. S371 indicate, the heating of the bulk volume is negligible.
Certainly, this is in line with the photophoretic mechanism,
which explains the motion with localized heating followed by a
fast dissipation. Overall, the data obtained for biofilm removal
revealed better efficiency for E. coli deactivation, with 87%
biofilm removal using MoS, microflakes at 535 nm. For
S. aureus, 63% removal rate was obtained while using WS,
microflakes at 480 nm. Owing to the complexity of bacterial
biofilm systems, the analysis of the obtained viabilities is not
trivial, as many factors should be considered. Namely: the bac-
terial outer membrane and type, ROS production and the com-
position of the microflakes. Regarding bacterial wall, E. coli
possess an outer membrane composed of lipopolysaccharides
and an 8 nm peptidoglycan layer. Gram-positive bacteria,
S. aureus does not possess an outer membrane but is covered
with a thicker peptidoglycan layer of about 80 nm, bounded by
covalent linkages. Such a layer imparts the bacteria with a
negative net charge, which makes difficult the interactions
with negatively charged ROS, such as those produced by our
microflakes.®® Thus, the dominant mechanism for bacterial
inactivation is the collision of the microflakes with the cell
walls during movement. Bacterial membrane rupture thus
allowing for ROS permeation for further inactivation. The
thicker peptidoglycan layer (10 times higher in S. aureus than
in E. coli) acts as a protective layer against cell rupture by the
action of the microflakes. Overall, these insights into the bac-
terial cell wall structure can provide a feasible explanation for
the slightly lower biofilm inactivation.?® It is worth noting that
the crystal violet stain is not selective to alive bacteria and EPS
is also stained.*® Hence, the results in Fig. 4A should be inter-
preted as the biofilm mass after treatment and they should not
be misinterpreted as bacterial viability.

Additionally, an important aspect of biofilm removal
studies is the disruption of extracellular polymer substances
(EPS). Specifically, EPS forms a 3D dense network that main-
tains the biofilm mass and integrity.”! Thus, the role of the
microflakes in EPS disruption was also checked by staining
with SYPRO-Ruby red dye. Experiments were performed simi-
larly to that reported for ODs95 measurements under the best
removal rate conditions (see the Experimental section for more
detailst) and are listed in Fig. 5.

Fluorescence images after SYPRO staining of the biofilm
before treatment and under static conditions indicate a high
density of proteins in both cases, with an interconnected
network. In contrast, a low EPS density was observed after
treatment with the microflakes, indicating adequate alteration
of the biofilms by collisions during the fast motion and ROS

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Effect of the MoS; and WS, microflake-micromotors (MM) on the EPS of E. coli and S. aureus biofilms. Fluorescence microscopy images of
each biofilm before and after 20 min treatment with MoS, microflakes at 535 nm (for E. coli) and WS, microflakes at 480 nm (for S. aureus) using
SYPRO-Ruby staining to label the proteins and the LIVE/DEAD stain kit to label the DNA.

generation. We performed additional observation with a com-
mercial LIVE/DEAD staining kit, observing a high density of
dead bacteria (as staining with propidium iodide) with moving
microflakes, with high viability under static conditions (for
further details, see the Experimental sectiont). Finally, the dis-
ruption of the biofilm’s structure, allows for the penetration of
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Fig. 6 Bacterial viability of E. coli and S. aureus biofilms with MoS;
microflakes under 535 nm irradiation and WS, microflakes under
480 nm irradiation after the direct administration of an antibiotic drug,
and the light-actuated microflakes in the presence of an antibiotic drug.
Bacterial viability was estimated using a commercial LIVE/DEAD staining
kit and a microplate reader.

This journal is © The Royal Society of Chemistry 2023

antimicrobial agents, further boosting their effects. In this
sense, by combining the biofilm disruption capabilities of our
light-driven TMD-based microflakes with the administration of
an antimicrobial drug, a synergistic effect is expected. In this
regard, the dilution of a mixture containing penicillin and
streptomycin was evaluated by assessing the evolution of
E. coli and S. aureus cultures in the presence of 1:10, 1:100,
1:1000, and 1: 10 000 penicillin/streptomycin (Fig. S47).

Dilutions of 1:1000 and 1:10 000 were selected for E. coli
and S. aureus, respectively. The effects of the directly adminis-
tered antibiotic drug, microflakes and antibiotic drug in the
presence of microflakes were compared as depicted in Fig. 6.
Notably, the microflakes are more efficient for biofilm removal
than the use of the antibiotic, as reflected in the bacterial via-
bility percentages reported in Fig. 6. Yet, the synergistic effect
between the antibiotic drug and the microflakes results in
efficient biofilm inactivation. Overall, the obtained results
reveal the suitability of our microflake-based strategy for
highly efficient biofilm inactivation without using harsh
chemicals or other external inputs for a myriad of environ-
mental or food treatment applications.

Conclusions

We have reported on a highly antibacterial on-the-fly platform
based on photophoretic MoS, and WS, microflakes driven by
the photophoretic effect with remarkable antibacterial pro-
perties. Upon VIS light irradiation, the exfoliated materials are
locally heated in a photophoretic-based mechanism. This

Nanoscale, 2023, 15, 9675-9683 | 9681
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results in a convective flow that drives the fluid, inducing a
schooling behavior of the microflakes into swarms, creating
highly efficient “scarring” platforms to disrupt the bacterial
biofilms. In addition, the VIS light irradiation interactions on
the microflakes result in electron transfer, generating ROS to
improve the bacterial killing ability. The effect is complex and
is influenced by several factors such as the bacteria’s outer
membrane and type, ROS production, and composition of the
microflakes. Overall, the best conditions for E. coli deactivation
were found using MoS, microflakes at 535 nm with 87%
biofilm removal. Alternatively, S. aureus exhibits 63% removal
rate with WS, microflakes at 480 nm, reflecting the influence
of peptidoglycan layer thickness, the outer net charge of the
microflakes and the morphology. The microflakes can disrupt
the EPS of the biofilm, this can be exploited in combination
with the administration of antibiotic drugs to increase the
biofilm permeability and further enhance the efficiency of
such drugs. In this regard, biofilm viabilities of 31% and 23%
were observed for E. coli and S. aureus, respectively. No biofilm
deactivation was observed with the use of antibiotics, as those
are not able to penetrate the densely packed biofilm. These
results prove the applicability of our approach to the disrup-
tion and removal of bacterial biofilms, especially in confined
spaces.
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