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ARTICLE INFO ABSTRACT
Keywords: Antibiotic resistance challenges the treatment of bacterial biofilm-related infections, but the use
Resistant bacteria of nanoparticles as a treatment is a promising strategy to overcome bacterial infections. This

Bacterial biofilm study applied nitrogen-doped titanium dioxide (N-TiO,) conjugated with folic acid (FA) on

g?gtocatalysis biofilm-forming resistant bacteria. The photocatalytic effect of TiO, nanoparticles (NPs) was
Folii acid studied under ultraviolet (UV), visible light, and dark conditions at 60, 120, and 180 min against

planktonic cells and biofilms of Staphylococcus aureus, methicillin-resistant Staphylococcus aureus
(MRSA), and Pseudomonas aeruginosa. TiO5 NPs were in the anatase phase, spherical shaped with
sizes of 10-13 nm, and effectively doped and conjugated with N and FA. The FA-conjugated
nanoparticles (N-TiO2-FA and FA-TiO;) were shown to have a bactericidal effect on all bacte-
ria between 60 and 180 min under UV and visible light conditions. Concerning biofilms, N-TiO2-
FA was shown to have a highly disruptive effect on all bacterial biofilms under UV irradiation at
180 min. Meanwhile, the nanoparticles did not show DNA damaging potential and they had no
cytostatic effect, indicating that these NPs are biocompatible. In sum, nanoparticle conjugation
with FA promoted photocatalytic effectiveness, revealing the promise this nanomaterial holds as a
biocompatible antimicrobial agent.

1. Introduction

Biofilm formation determines virulence in many bacterial infections and lowers the susceptibility to antibiotics, meaning biofilm-
forming bacteria challenge the treatment of persistent infections [1,2]. In that context, studies searching for solutions to reduce these
pathogens’ ability to form or disrupt biofilms are urgently needed, and the nanotechnology and nanoscience fields have become the
focus of several biomedical studies, mostly regarding the applicability of photocatalytic nanoparticles such as titanium dioxide (TiO;
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NPs). Titanium dioxide is a metal oxide semiconductor widely studied due to its photocatalytic properties under UV radiation; it
presents advantages such as low cost, low density, high specific strength, and great chemical stability [3,4]. These proprieties,
especially in the TiO, anatase form, give it wide applicability, including as antimicrobial and anticancer agents [5-7].

The antimicrobial photocatalytic effect of TiO; is generated when reactive oxygen species (ROS) form under ultraviolet irradiation
(UV), which excites an electron from the valence band to the conduction band, leaving a hole in the valence band of TiO,, thus
generating hydroxyl radicals and superoxide anions [8]. ROS exhibit significant oxidative potential that induces wall and cell
membrane damage through lipid peroxidation, leading to cell death [8,9].

Many factors affect the performance of the photocatalyst in generating ROS, such as the wavelength of incident radiation, light
intensity, chemical composition of the photocatalyst, physico-chemical properties, crystallographic phases, and surface functionali-
zation, among others [3,4]. Currently, both the antimicrobial and the photocatalytic activities of TiO5 can be improved by engineering
hybrid nanosystems using metal conjugation (Ag, Cu), nonmetal doping (N, S), TiOz-based heterojunctions, and phthalocyanine and
folic acid conjugation [10-12].

TiO activation requires a photon energy equal to or greater than its band gap (hv > 3.20 eV), which corresponds to wavelengths
below 380 nm in the ultraviolet region [3,4]. The light absorption of TiO2 must be modified in order to use this technology in indoor
applications, such as self-cleaning surfaces and textiles or even human health treatments, since long-term exposure to UV irradiation
has harmful effects on human cells. TiO2 N-doping leads to a change in energy band structure to improve its visible light absorption,
while maintaining the photocatalytic activity under ultraviolet light [13]. This improved photocatalytic activity of N-modified TiO,
has been shown against Gram-negative and Gram-positive bacteria [14-16].

TiO4 conjugation with folic acid has been suggested as a strategy to improve nanoparticle biocompatibility with target cells [17].
Folic acid (FA) is a vitamin of exogenous origin belonging to the B complex group; it is vital for prokaryotic and eukaryotic cells since it
participates in the replication, repair, and methylation of DNA and regulates cell metabolic activities [18]. FA is composed of three
regions: a central aromatic ring derived from para-aminobenzoic acid (PABA), a pteridine ring, and a chain of one or more glutamines.
PABA is an essential compound that most bacteria, including Escherichia coli, need to produce FA [19]. While some bacteria can
generate this and produce their own folic acid through metabolic biosynthetic enzymes [20], others do not have this characteristic and,
therefore, require FA from the external environment for their cell replication [21].

In the literature, some works are reported in which nanoparticles were coated with FA to increase their biocompatibility and
improve their performance as antibacterial agents through the delivery of drugs against bacteria. Chowdhuri et al. (2015) [22]
developed silver nanoparticles conjugated with folic acid to increase antibacterial activity and reported a decrease in bacterial growth
and viability values in Gram-negative (E. coli) and Gram-positive (Staphylococcus aureus) bacteria. Chen et al. (2018) [17] synthesized
a multilayer nanocarrier using mesoporous silica covered with a bilayer of folic acid and calcium phosphate. The material showed a
strong capacity to target bacterial infections in vivo, and this capacity was enhanced by the FA property. The researchers also loaded
the nanoparticles with the antibiotic ampicillin and observed an increased uptake and reduced efflux effect in E. coli and S. aureus
through the specific targeting of FA. Semiconductor nanoparticles such as ZnO were also conjugated with FA to obtain greater bio-
logical activity in bacterial folate receptors through the coupling [23]. El-Borady and El-Sayed (2020) [23] examined the antimicrobial
efficacy of ZnO-FA against E. faecalis and E. ludwigii and verified the nanoparticle anchorage at several sites of the cell, causing damage
to the membrane, which ended in lyse cells. Similar works with ZnO-FA nanoparticles also showed better antibacterial activity than the
pure compounds against S. aureus [24-27]. All works attribute the antibacterial action of ZnO nanoparticles to the generation of ROS,
which can lead to lipid peroxidation and oxidative stress of the cell, and consequently, membrane rupture and DNA damage [23].
However, none of these materials have been studied in bacterial biofilm disruption.

It seems that, given the importance of FA for cellular metabolism, it can be strategically used to conjugate TiO, nanoparticles coated
with other compounds. Nanoparticles formed of Cd-TiOo/PEG/FA and AgCl/TiOy/FA, for example, were used as antimicrobial ma-
terial or in the development of antimicrobial material against E. coli and S. aureus [28-30]. With regard to biofilms, the conjugation of
TiO, alone has not yet been reported as an antibiofilm agent, despite the construction of TiO, nanoparticles coated with other
compounds, which have been reported as disruptors of E. coli and S. aureus biofilms [31-33]. In these studies, UV light was not used to
activate TiO3 in the photocatalytic reaction to obtain greater antibiofilm or antibacterial activity. The literature shows that the study of
nanoparticles of TiO, conjugated to folic acid is still little explored as an antimicrobial agent, though it seems to hold potential mainly
for the disruption of bacterial biofilms, which are protective barriers challenging treatment with antibiotics [1].

In that context, this work contributes to developing a new alternative approach of using folic acid conjugation of N-TiO,, without
any chemical ligand, against planktonic cells and biofilm-forming resistant bacteria. N-doped TiO; conjugated with FA (N-TiO2-FA)
and TiO; conjugated with FA (TiO2-FA) were synthesized and characterized, and their antibacterial and antibiofilm properties were
assessed against Staphylococcus aureus, methicillin-resistant Staphylococcus aureus (MRSA), and Pseudomonas aeruginosa.

2. Materials and methods
2.1. Chemicals
The chemicals and materials used for the synthesis were titanium tetraisopropoxide [Ti (OC3H7)4, 99.5 %, Sigma—Aldrich] and

ethylmethylamine (C3HgN, 99.0 %, Sigma- Aldrich). The TiO, used as a reference in this study was Aeroxide TiO5 P25. The FA (>97 %)
tablets were purchased from a local drugstore and ground before use.
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2.2. Synthesis of TiO2 and nitrogen-doped TiO2 nanoparticles

The TiO, synthesis was performed according to Ref. [34] with modification. A solution containing 30 mL of ethyl alcohol and 20 mL
of titanium tetraisopropoxide (Ti[OCH(CHs)2]4) was prepared under magnetic stirring. After homogenization, 100 mL of distilled
water was added, and the sample was separated by decantation at room temperature for 48 h. The solid residue was dried, macerated,
and submitted to calcination at 105 °C for 30 min, with a heating rate of 5 °C/min, followed by heating at 400 °C for 120 min using a
muffle (Q318M24 Quimis).

For the N-doped TiO» synthesis, the methodology described by Ref. [35] was used with modification. Briefly, two solutions were
prepared under magnetic stirring: Solution 1 (5.0 mL triethylamine and 95 mL deionized water at pH 2), and Solution 2 (20 mL ti-
tanium tetraisopropoxide and 30 mL ethyl alcohol). Both solutions were mixed, adjusted to pH 7, and stirred for 1 h. Then, the material
was decanted, washed, dried, and calcined at 400 °C as described before.

2.3. Folic-acid-conjugated TiO,

The conjugation of TiO, with folic acid was performed according to the procedure in Ref. [36] with some modification, using a
FA/TiOg ratio of 20 %. A 0.1 M sodium bicarbonate (NaHCO3) solution was prepared with 0.02 g of folic acid and adjusted to pH 5.5
with HCL. The TiO, and N-TiO, NPs (0.1 g/mL) previously synthesized were dispersed in deionized water by sonication for 10 min,
added slowly to the FA solution, and stirred for 24 h in the dark. The nanoparticles were collected using a centrifuge at 8000xg for 15
min and subjected to washing in deionized water, followed by ethanol, and then dried overnight at 50 °C.

2.4. Characterization of TiOz nanoparticles

The UV-Vis diffuse reflectance spectra (UV-DRS) of the TiO3, N-TiO,, FA-TiO3, and N-TiO,-FA samples were measured using a
Shimadzu spectrophotometer, model UV-2600, in the range from 200 nm to 800 nm. The structural properties of the synthesized TiO2
NPs and TiOy P25 used as reference were evaluated with X-ray diffraction (XRD) using a Panalytical EMPYREAN diffractometer
equipped with a CuKa source (A = 1.54178 A). The functionalization and conjugation of TiOy NPs with FA and nitrogen were analyzed
by attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) in the range of 4000-800 cm ™' and with a 2 cm™!
resolution, using the Cary 630 FTIR spectrometer (Agilent Technologies, USA). The morphology of TiO, NPs was analyzed with
transmission electron microscopy (TEM) using MET JEOL JEM 1011 equipment at 60 kV. Before taking the TEM measurements, the
samples (in 1000 ppm) were sonicated at 50 Hz for 10 min at intervals of 2 min, and then drops of the suspension were placed on
carbon-coated copper grids and dried for analysis.

2.5. Bacterial strain

Planktonic (free-living) bacteria and biofilms of Staphylococcus aureus ATCC 25923 INCQS 00015, MRSA ATCC 43300 INCQS
00577, and Pseudomonas aeruginosa ATCC 27853 INCQS 00099 were used for the photocatalytic tests. These strains were provided by
the National Institute for Quality Control in Health (INCQS) of the Oswaldo Cruz Foundation (FIOCRUZ) and grown on brain-heart
infusion broth (BHI) and/or Mueller-Hinton agar (MHA) for 24 h at 37 °C, before biofilm production and photocatalytic assays.

2.6. Bacterial biofilm production

The biofilm formation was evaluated with a procedure described in Ref. [37], using 1.5 x 108 CFU/mL of S. aureus, MRSA, and
P. aeruginosa added to a 96-well flat-bottomed polystyrene plate containing BHI. After 24 h at 37 °C, the medium was discarded. Next,
we added 2 % violet crystal (w/v), washed with sterile water, and added 95 % ethanol for analysis in a microplate reader (Biochrom EZ
Read 2000) at 595 nm. The strains Staphylococcus epidermidis ATCC 35984 (biofilm producer) and Staphylococcus epidermidis ATCC
12228 (non-biofilm producer) were used as positive and negative controls, respectively. The classification of bacterial biofilm was
evaluated according to the method established by Ref. [38].

2.7. Antibacterial and antibiofilm activity analysis

The antimicrobial activity of NPs on planktonic bacteria was evaluated using photocatalytic assays according to the adapted
minimum inhibitory concentration (MIC) method [39]. Briefly, 1 mg/mL of previously sonicated TiOy NPs was added to a bacterial
suspension with 1.5 x 10® CFU/mL in saline solution (0.9 % NaCl), and it was exposed to visible light, UV light, and dark conditions. A
fluorescent lamp (Philips 8W T5, A > 400 nm) at ~ 0.5 mW cm ™2 and UV lamp (Philips 8W BLB T5, A = 365 nm) were used in the
visible light and UV light tests, respectively. After photocatalysis at 0, 60, 120, and 180 min, 10 pL aliquots of the bacterial suspension
were inoculated in sterile 96-well polystyrene microplates containing BHI 2X broth, and those were incubated at 37 °C for 24 h. The
bacterial viability was evaluated at 595 nm using 20 pL of 0.5 % (w/v) 2,3,5 triphenyl tetrazolium chloride (TTC) at 37 °C for 2 h.
Samples were analyzed in triplicate and assays without a photocatalyst were used as a control under visible light, UV light, and dark
conditions.

Antibiofilm activity was studied using TiOz NPs (1 mg/mL) in BHI previously dispersed in ultrasound for 1 h. Nanoparticles were
added to the biofilm prepared on glass coverslips. Those were added to a 96-well polystyrene microplate (item 2.6), and it was exposed
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to visible light, UV light, and dark conditions for 180 min. Then, the samples were stained with violet crystal (2 % v/v) for 5 min, and
color excess was removed using deionized water. We added 95 % ethanol to the stained biofilm, and that was agitated for 5 min. Then,
the material was measured at 595 nm using an ELISA reader. Biofilms on the glass coverslips were analyzed with atomic force mi-
croscopy (AFM; SPM-9700 Shimadzu, Kyoto, Japan), using the dynamic mode at 300 kHz and 40 N m~L. The analyses were performed
at five random points on each coverslip with a 20 x 20 pm scale. The images were processed using the equipment’s software (SPM-
9700 Shimadzu).

2.8. Cell viability in MTT assay

An MTT assay was performed according to the procedure in Ref. [40] with minor modifications. Chinese hamster ovary cells
(CHO-K1) (1 x 10* cells/well) were seeded in a 96-well plate containing 100 pL/well of Dulbecco’s modified Eagle’s medium (DMEM)
and phenol red supplemented with 1 % streptomycin, 1 % glutamine, and 10 % fetal bovine serum (FBS). After 24 h of incubation
(37 °C, 5% CO2, 90 % humidity), the cells were exposed to the TiOo NPs at 1 mg/mL, 0.5 mg/mL, and 0.25 mg/mL for 24 h. Then, cells
were washed twice with a fresh cell culture medium and incubated with 1 mg/mL MTT (3-4, 5 dimethylthiazol-2, 5 diphenyl
tetrazolium bromide) in phosphate-buffered saline (PBS) at 37 °C for 4 h. The medium was removed and then 200 pL of 100 % DMSO
(dimethyl sulfoxide) was added to trigger the solubilization of purple formazan crystals, following which we measured the absorbance
at 570 nm. Medium without photocatalysts (untreated) was used as a negative control, and medium with 1 % SDS was used as a
positive control. The results were normalized to the untreated control and expressed as % viability.

2.9. Cytokinesis-block micronucleus assay (CBMN)

To test the genotoxic potential of TiOy NPs, we performed a CBMN assay according to the procedure in Ref. [41] with minor
modifications. Briefly, CHO-K1 cells (2 x 10* cells/well) were plated in 24-well plates containing 500 pL/well DMEM supplemented
with 1 % streptomycin, 1 % r-glutamine, and 10 % FBS. Cells were maintained at 37 °C, 5 % COo, and 90 % humidity for 24 h. Then,
cells were exposed to TiO2 NPs at 1 mg/mL, 0.5 mg/mL, and 0.25 mg/mL. After 24 h, the cells were washed with PBS and re-incubated
in fresh media containing 5 pg/mL cytochalasin-B (Sigma-Aldrich, Saint Louis, MO, USA). Untreated cells and CHO-K1 cells exposed
to 0.5 pM mitomycin were used as negative and positive controls, respectively. After incubation (for 24 h), cells were trypsinized using
200 pL of 0.025 % trypsin for 5 min and neutralized with 600 pL of basal culture medium. The cell suspensions were centrifuged
(2500xg/8 min), and the cells were fixed three times with a freshly prepared glacial acetic acid:methanol solution (9:1, v/v). Next, 60
pL of the fixed cells was placed on glass slides, air dried at 60 °C, and stained with a 5 % (v/v) Giemsa solution. Frequencies of
micronuclei (MNs), nucleoplasmic bridges (NPBs), and nuclear buds (NBUDs) in the cells submitted to nanoparticles were analyzed.
The nuclear division index (NDI) was calculated using the following formula: [NDI = M1 + 2(M2) + 3(M3) + 4(M4)/N], where M1-M4
represents the number of cells with 1-4 nuclei, respectively, and N is the total number of scored cells.
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Fig. 1. (A) Diffuse reflectance spectrum UV-Vis of TiOz, N-TiO,, FA-TiO5 and N-TiO,-FA. The inserted figure shows the widening of the spectrum
in the visible region. (B) Band gap energy of TiOy (3.19 eV), N-TiO; (2.94 eV), FA-TiO, (2.32 eV) and N-TiO,-FA (2.26 eV) samples.
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2.10. Statistical analysis

Triplicate analyses of microbial growth, biofilm production, and photocatalysis were performed using GraphPad Prism 5
(GraphPad Software Inc., San Diego, USA). Statistical values were expressed as mean =+ standard deviation (SD) and calculated using
one-way analysis of variance (ANOVA) with Tukey’s post hoc comparison. Values of p < 0.05 were considered significant.

3. Results and discussion
3.1. Characterization of the TiOz nanoparticles

UV-DRS was used to investigate the optical proprieties of TiOy, N-TiO3, FA-TiO5, and N-TiO,-FA nanoparticles [Fig. 1]. A high
absorption region between 200 and 350 nm was observed in pure TiO2 samples, as well as in nanoparticles with FA and those that were
N-doped [Fig. 1 (A)]. In the visible region (A > 400 nm), FA-TiO, and N-TiO»- FA exhibited greater absorption than N-TiO,, evidencing
the capacity for photon absorption under visible light of nanoparticles conjugated to FA. These photocatalysts with FA also exhibited a
decrease in band gap energy [Fig. 1 (B)], confirming their ability to absorb in the visible light spectrum. The absorption in visible light
may be due to the chromophore characteristics of FA, which support absorption in the UV region and can extend that to the visible
region [42].

The crystalline structure of the synthesized nanoparticles was analyzed with XRD [Fig. 2]. Characteristic peaks for TiO; at 20 =
25.2°, 37.8°,48.2°, 54.1°, 55.0°, 62.7°, 69.0°, 70.4°, and 75.0° were observed, which were assigned to the lattice planes (101), (004),
(200), (105), (211), (204), (116), (220), and (215), attributed to the anatase phase [43]. The crystal structure of commercial TiO, P25
was also evaluated, and the diffractogram showed characteristic peaks of both anatase and rutile with lattice planes (110) and (101),
respectively [44]. Conversely, reflections corresponding only to the anatase form in the nanoparticles synthesized in this work were
observed. This result was consistent with the calcination temperature used in the synthesis process (<500 °C), as the anatase-rutile
phase transition occurs at higher temperatures [45].

To verify the N-doping and FA conjugation in the photocatalysts, FTIR analyses were performed [Fig. 3]. All TiO, samples exhibited
a peak at around 1630 cm ™!, assigned to the stretching vibration of O-H groups from the adsorbed water on the TiO; surface [Fig. 3
(A)]. The TiO N-doping was evidenced by a peak at 1400 cm™}, which changes during FA conjugation [36,46].

In addition, peaks at around 1696 crn’l, 1607 cm’l, and 1485 cm ™! were observed in FA, FA-TiO,, and N-TiO,-FA samples [Fig. 3
(A)]. These peaks correspond to the carbonyl C=0, N-H, and pteridine ring vibrations, respectively [47]. The pteridine ring is a
component of folic acid, and the peak at 1485 cm ™! in these samples suggests the conjugation of FA to TiOs.

The peaks at around 1512 cm™! and 1440 cm ™! observed in samples with FA correspond to carboxylate salt and suggest bonding
between the carboxylic acid of FA and the titanium atom [36]. Absorption peaks from 3500 to 3000 cm ™! in TiO, and N-TiO, samples
were attributed to hydroxyl groups [46] [Fig. 3 (B)]. The samples conjugated to folic acid (FA-TiO3 and N-TiO,-FA) showed lower
intensity of this band, suggesting that FA interacts with the hydroxyl groups of TiO».

The FA spectra showed an absorption band at around the 3555 em ! and 3416 cm ™! regions [Fig. 3 (B)]. According to Ref. [48],
this band is attributed to the axial stretching of O-H and N-H bonds in the pteridine ring. These characteristic peaks of FA with
modification were observed in FA-TiO2 and N-TiO»-FA samples, indicating the FA conjugation to TiO,.

The morphology and size of the nanoparticles were characterized with TEM, and images revealed aggregated and irregular
spherical particles [Fig. 2 (S)]. The average size of the TiO5 NPs was ~12 nm (+1.89) and for the N-TiO3 NPs it was ~10 nm (+1.49)
[Fig. 4 (A) and 4 (B)]. Nanoparticles with FA (FA-TiO, and N-TiO,-FA) exhibited average sizes of ~13 nm (£1.07) and ~12 nm
(£1.91), respectively [Fig. 4 (C) and 4 (D)]. The NP size is an important factor in photocatalytic activity because smaller-sized particles
have a larger surface area to interact with bacteria, meaning there is better photocatalytic action of TiO5 on these microorganisms [49,
50].
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3.2. Antibacterial photocatalytic test

The photocatalytic effect of NPs on planktonic bacteria P. aeruginosa, S. aureus, and MRSA was studied under dark, UV, and visible
light conditions at 0, 60, 120, and 180 min [Figs. 5 (A), 6 (A), and 7 (A)].

Under UV conditions, the growth control showed that bacteria were completely inhibited [Fig. 5 (A), 6 (A), and 7 (A)]. This UV
effect on resistant bacteria was also observed in previous work, attributed to the bacterial oxidative stress defense mechanism [51,52].
Next, the photocatalytic activity of N-TiO2-FA and FA-TiO, under UV was observed on P. aeruginosa at 60 min and 180 min,
respectively [Fig. 5 (A) and 5 (D)]. The same photocatalytic effect of FA-TiO3 and N-TiO, was found at 180 min, and it should be noted
that the effect of FA-TiO, on P. aeruginosa has not previously been demonstrated in the literature.

Concerning S. aureus growth under UV irradiation, N-TiO5-FA inhibited bacterial growth at 180 min, while N-TiO5 had the same
effect at 60 min [Fig. 6 (A) and 6 (D)]. A bacteriostatic effect of TiO, NP at 180 min was observed, suggesting the toxicity of this
nanoparticle on S. aureus under UV irradiation. Regarding MRSA analysis, FA-TiO5 and N-TiO»-FA promoted a bacteriostatic effect at
60 min and growth inhibition at 120 min, similar to N-TiO9 [Fig. 7 (A) and 7 (D)]. Although nitrogen doping improves the photo-
catalytic activity of TiO2 under visible light, it still absorbs in the UV region [53], explaining the N-TiO effect under the UV condition.
The bacterial growth inhibition may be due to the synergistic effect of NPs and UV, which promote chemical reactions with biological
molecules (proteins, DNA, and lipids), causing cell damage [9].

Meanwhile, the photocatalytic activity of NPs with FA may be due to the tendency of microorganisms to accumulate near sources
with folate [23] derived from these photocatalysts. Therefore, the bacterial affinity for these photocatalysts with FA (TiO2-FA and
N-TiO5-FA) would lead to cell wall damage during photocatalysis. Additionally, NPs conjugated to FA absorb radiation in the UV-Vis
region, evidencing its photocatalytic capacity for biological applications.

Photocatalysis under visible light and dark conditions against P. aeruginosa had no antimicrobial effect [Fig. 5 (B) and 5 (C)]. As
expected, non-nitrogen-doped nanoparticles did not show photocatalytic activity under visible light, but there was also no observed
photocatalytic capacity of nitrogen-doped nanoparticles against P. aeruginosa. This could be due to the Gram-negative characteristic of
P. aeruginosa, which contains peptidoglycan between the inner membrane and outer cell membrane, thus increasing bacterial pro-
tection. In addition to the cell membrane structure, the exposure time and nanoparticle concentration may also be limiting factors in
the photocatalytic activity of N-TiO, nanoparticles [54].

Concerning the treatment under visible light on S. aureus, N-TiO, and N-TiO-FA reduced the cell viability completely at 120 min
and 180 min, respectively [Fig. 6 (B) and 6 (D)]. According to Ref. [55], NPs doped with N exhibit a better effect under visible light
than pure TiO, due to their lower band gap energy value, which allows for efficient absorption of visible photons, meaning less
activation energy is required for ROS production. Therefore, under visible light, N-TiO5 and N -TiO; -FA can have a bactericidal effect
on S. aureus, a Gram-positive bacterium.

Additionally, N-TiO and FA-TiO; promoted a bactericidal effect on MRSA under visible light at 180 min [Fig. 7 (B) and 7 (D)]. The
ability of N-TiO5 NPs to inhibit the MRSA growth under visible light was also observed by Ref. [56]. However, the photocatalytic effect
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Fig. 4. Transmission Electron Microscopy (TEM) of nanoparticles (A) TiO,; (B) N-TiO,; (C) FA-TiO,; (D) N-TiO,-FA.

of TiO2 conjugated to FA against MRSA has not previously been reported.

According to Ref. [57], FA is a nutrient necessary to synthesize nucleotides in bacteria, which may have facilitated the FA-TiO»
entry into the cell to promote photocatalysis, leading to cell damage. Concerning N-TiO-FA, no bactericidal activity against MRSA
under visible light was observed, which could be due to the short photocatalysis time or to the inherent resistance mechanism of efflux
pumps in this bacterial strain [58,59].

Regarding the treatment under dark conditions, inherent toxicity of TiOy, N-TiO3, and N-TiO,-FA was observed (bacteriostatic
effect) in both S. aureus and MRSA [Fig. 6 (C)] and [Fig. 7 (C)].

3.3. Photocatalytic test on bacterial biofilms

The bacterial strains exhibited efficient biofilm production (Table S1); therefore, they are potentially resistant to antibiotics
because the biofilm matrix prevents antibiotic diffusion and decreases its effectiveness [60].

The photocatalytic treatment against S. aureus, MRSA, and P. aeruginosa biofilms under UV, visible, and dark conditions at 180 min
was analyzed [Fig. 8]. Under UV irradiation, all the photocatalysts caused a disturbance in S. aureus and MRSA biofilms [Fig. 8 A],
whereas N-TiO,-FA showed a greater disruption of the P. aeruginosa biofilm.

Under visible irradiation, no photocatalyst was effective in disrupting the P. aeruginosa biofilm [Fig. 8 (B)]. Meanwhile, N-TiO and
N-TiO,-FA showed greater biofilm disruption in S. aureus, while N-TiO, and FA-TiO, exhibited a greater photocatalytic effect on the
MRSA biofilm, corroborating the results in the planktonic cells [Figs. 6 (B) and Fig. 7 (B)]. This antibacterial and antibiofilm effect of
TiO4 has been reported and associated with ROS production, such as hydroxyl radicals and superoxide anions, during photocatalysis
[61]. ROS exhibit a significant oxidative potential that induces wall and cell membrane damage through lipid peroxidation, leading to
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in the three treatment conditions. Different letters show significant differences for each treatment (p < 0.05).

cell death [7,8,10,62].

Regarding the photocatalytic effect of NPs conjugated to FA, the bacteria biofilm disruption can be facilitated by greater cellular
absorption of these NPs, since folate is required for cell multiplication [17]. As in planktonic cells, FA can facilitate the approach of
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TiOs to the extracellular matrix, forming ROS and leading to damage of biofilm components through oxidative stress.

The different photocatalytic effects of nanoparticles on P. aeruginosa and S. aureus biofilms can be related to structural differences in
the cell walls of Gram-negative and Gram-positive bacteria. Gram-positive bacteria such as S. aureus have a peptidoglycan layer lining
the cell membrane that can interact with free radicals during photocatalysis and inhibit the bacterial growth inside the biofilm [61,63].
In addition, genes related to antimicrobial resistance, genotypic variation, and efflux pumps may be associated with the resistance
capability of these bacteria [64]. Such characteristics of resistant bacteria may explain the different effects of NPs on S. aureus strains
and P. aeruginosa.

Under dark conditions [Fig. 8 (C)], the effect of nanoparticles on P. aeruginosa biofilm was not observed. However, TiO3, N-TiO,,
and N-TiO,-FA affected the biofilm integrity in S. aureus and MRSA under this condition, suggesting the toxicity of TiO5 in the absence
of light, which was also observed in planktonic cells.

As they had the best photocatalytic effects on MRSA and P. aeruginosa biofilms, nanoparticles N-TiO5-FA (under UV irradiation)
and N-TiOz (under visible light) were selected for analysis with AFM [Figs. 9 and 10]. The topographic analysis without photocatalytic
treatment showed a homogeneous biofilm with full cells of MRSA [Fig. 9 (A) and 9 (B)]. However, in the UV treatment without
photocatalysts, a disruption of the biofilm was observed with moderate changes in the shape of the cell [Fig. 9 (C) and 9 (D)]. Under
visible light without photocatalysts [Fig. 9 (E) and 9 (F)], changes in cell shape were observed but no disruption to the biofilm.

In tests with the photocatalysts N-TiO2-FA (under UV) and N-TiO (under visible light), marked changes were observed in the cell
surface morphology and severe disruption to the biofilm of MRSA [Fig. 9 (G) and 9 (I)] when compared with UV treatment [Fig. 9 (C)].
These changes in the MRSA cell membrane, with a cracking appearance under UV/N-TiO5-FA treatment and under N-TiO,/visible
light treatment [Fig. 9 (H) and 9 (J)], suggest membrane destabilization, which inhibits bacterial growth and leads to cell death.

The topographic analysis of the P. aeruginosa biofilm and its cells was performed [Fig. 10 (A) and 10 (B)]. It was observed that UV
light disrupts the biofilm (Fig. 10C) and causes changes in cell membrane morphology (Fig. 10. D). These changes were greater and
more evident in the N-TiO-FA and UV irradiation treatment, in both biofilm and cells [Fig. 10 (E) and 10 (F)]. These changes in the
biofilm morphology of P. aeruginosa are an important characteristic of TiO, NPs’ interaction with the bacterial membrane, as reported
by [65].

The AFM analyses showed a change in biofilm appearance of both MRSA and P. aeruginosa strains, as well as a decrease in cellular
density at 180 min of photocatalysis, suggesting structural damage to biofilms. The major factor that inhibits bacteria and conse-
quently their biofilm is the interaction of ROS with the bacterial membrane, inducing the denaturation of biological macromolecules
such as proteins and lipids [10,62]. Therefore, the use of antimicrobial nanoparticles has been proposed due to the inefficacy of
antibiotics against bacterial biofilm-linked infections [66]. Therapy failures of antibiotics against biofilms are associated with a low
permeability of drugs through the biofilm matrix [1]. However, our results showed that TiO,-FA photocatalysts have the potential to
disrupt the biofilms of antibiotic-resistant bacteria.
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Fig. 8. Photocatalytic test on biofilms produced by P. aeruginosa, S. aureus and S. aureus MRSA under (A) UV, (B) visible light, and (C) dark
conditions at 180 min. Different letters show significant differences for each treatment (p < 0.05).

3.4. Cell viability and CBMN assay

The toxicity of TiO, NPs was assessed by measuring the decrease in mitochondrial activity using the MTT assay. The cell viability
was analyzed at 0.25 mg/mL, 0.5 mg/mL, and 1 mg/mL [Fig. 11 (A)]. No toxicity of the nanoparticles was observed in any treatments
studied since the CHO-K1 cell exhibited viability above 70 % [Fig. 11 (A)].

Studies using TiO5 NPs showed low toxicity in several cell lines up to 72 h of exposure [67,68]. Furthermore, conjugation of TiO5 or
other metallic NPs to folate at 1 mg/mL also has low or no toxicity in HeLa cells [10,69]. This low toxicity of folate-conjugated
nanoparticles was confirmed by a cell viability above 95 % [as can be observed in Fig. 9 (A), showing that these samples are
biocompatible.

In CBMN assays, we analyzed NPs at 0.25 mg/mL, 0.5 mg/mL, and 1 mg/mL [Fig. 1 (S)]. In the MN test, no differences were
observed between the treatments and the negative control. The low MN frequency indicated a low rate of chromosomal breakage
caused by the nanoparticles [Fig. 11 (B)]. The analysis of the frequency of NPBs and NBUDs in cells exposed to NPs [Fig. 11 (B)] also
showed a low number of altered cell nuclei, indicating low cell genomic instability. Pure TiO3 at 1 mg/mL has already been shown to
have few genotoxic effects on human cells up to 24 h [65,70]. The NDI of the cells treated with NPs was not significantly different from
the negative control, indicating that TiO; NPs have no cytostatic effect [Fig. 11 (C)]. The weak DNA damaging potential and lack of a
cytostatic effect of pure TiO; and that conjugated to folic acid in our work indicate that these NPs are biocompatible and hold promise
for applications in different technological areas.

4. Conclusion

Folic-acid-conjugated TiO3 nanoparticles (FA-TiO5 and N-TiO,-FA) were successfully synthesized. TEM images showed spherical-
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under N-TiO, and visible light at 180 min: biofilm (I) and cell (J).

shaped nanoparticles with sizes of 10-13 nm, and FTIR spectra demonstrated the characteristic peaks of binding between FA and TiO.
The TiO, conjugated to FA demonstrated effective antibacterial activity against P. aeruginosa, MRSA, and S. aureus under UV treatment
for between 60 min and 90 min. AFM images showed the rupture of biofilms formed by P. aeruginosa and MRSA, as well as marked
changes in the bacterial membrane during photocatalysis with FA-TiO5 and N-TiO,-FA. No nanoparticles exhibited cytotoxic or
genotoxic effects on animal cells, meaning they could be used for future technological applications. Therefore, we conclude that TiOo-
synthesized photocatalysts conjugated to folic acid are promising antimicrobial and antibiofilm agents against antibiotic-resistant
bacteria and could be applied as a foundation for constructing antimicrobial materials.
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