Applied Surface Science 579 (2022) 152145

Contents lists available at ScienceDirect » Applied
Surface Science

Applied Surface Science

ELSEVIER

journal homepage: www.elsevier.com/locate/apsusc
Full Length Article ' :.)
Critical comparison of aerogel TiO, and P25 nanopowders: Cytotoxic

properties, photocatalytic activity and photoinduced antimicrobial/
antibiofilm performance

Guru Karthikeyan Thirunavukkarasu ®, Jana Bacova ", Olivier Monfort *, Ewa Dworniczek ¢,
Emil Paluch “, Muhammad Bilal Hamf ? Sajid Rauf", Momka Motlochova Jan Capek ",
Karol Henself Gustav Plesch?, Grzegorz Chodaczekg Tomas Rousar ™ Martln Motola

& Department of Inorganic Chemistry, Faculty of Natural Sciences, Comenius University in Bratislava, Ilkovicova 6, Mlynska Dolina, Bratislava 842 15, Slovakia

Y Department of Biological and Biochemical Sciences, Faculty of Chemical Technology, University of Pardubice, Pardubice 532 10, Czech Republic

¢ Department of Microbiology, Faculty of Medicine, Wroclaw Medical University, Wroclaw 50-368, Poland

4 College of Electronics and Information Engineering, Shenzhen University, Guangdong Province, 518000, China

¢ Institute of Inorganic Chemistry, Czech Academy of Sciences, Husinec-Rez 1001, Rez 250 68, Czech Republic

f Division of Environmental Physics, Faculty of Mathematics, Physics and Informatics, Comenius University in Bratislava, Mlynska Dolina, Bratislava 842 48, Slovakia
8 Lukasiewicz Research Network - PORT Polish Center for Technology Development, Bioimaging Laboratory, Stablowicka 147, Wroctaw 54-066, Poland

ARTICLE INFO ABSTRACT

Keywords: A critical comparison of two TiO, nanopowders is herein presented. TiO, aerogel powder synthesized via

TiO, lyophilization (TiAP) and commercially available TiO, Evonik (P25) are thoroughly investigated for their

Tox‘ici_ty bial toxicity, photoinduced antimicrobial and antibiofilm properties, and photocatalytic activity. Time- and
iﬁgg}rfrifmla concentration-dependent A549 cell viability inhibition was characterized using estimating the mitochondrial
Photocatalysis dehydrogenase activity and glutathione levels. Both materials showed low toxicity in the pulmonary A549 cells.

Photocatalytic activity of TiAP and P25 in the degradation of methylene blue and caffeine was determined, and
TiAP was more efficient than P25 by 1.2-2.8 times. That is due to the 2D morphology of TiAP, along with an
increased generation of hydroxyl radicals compared to a system containing 0D P25. Photoinduced antimicrobial
and antibiofilm performance of TiAP and P25 on inactivation of gram-negative E. coli and gram-positive

E. faecalis showed a complete log 6 reduction in the amount of bacteria after 60 min UV-A irradiation.

1. Introduction

Photocatalytic activity of TiOy was first reported in 1921 [1], and its
use in chalking of paint is known from 1949 [2]. However, this unique
material has received a significant interest after the pioneering work of
Fujishima and Honda in 1972 [3] on catalytic water splitting under UV
light irradiation. The photocatalytic activity of TiO was further
exploited for its ability to catalyze the oxidation of organic and inorganic
pollutants in 1976 [4] and 1977 [5], respectively, and to kill microor-
ganisms in 1985 [6]. Ever since, TiO2 has gained a considerable atten-
tion due to its exceptional photoinduced properties. It includes killing of
viruses [7] and bacteria [8] in water bodies, preventing biofilm forma-
tion in bioreactors [9], air-filters [10], potential killing of cancer cells
[11], and treatment of waters [12-14]. Nowadays, TiO» is used as the

* Corresponding authors.

material for outer/inner walls and windows of hospitals, commercial
facilities, and hotels due to its function as a deodorizer with self-cleaning
[15,16] and antibacterial [17,18] properties.

The photocatalytic mechanism on TiO5 surfaces is based on photo-
induced activation by incident UV light absorption, generation of charge
carriers (e /h™ pairs) and subsequent formation of reactive oxygen
species (ROS), which react with the target molecules [19,20]. Con-
cerning the photoinduced antimicrobial and antibiofilm activity, TiOg
interacts with the cell membrane and is able to kill the microorganism
via the action of ROS, thus leading to fragmentation of the cell mem-
brane [21]. In addition, TiO; is able to kill the bacteria via cell frag-
mentation, i.e., by mechanical force that destroys the cell membrane
[21,22].

To increase the efficiency of TiO in photoinduced applications,
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several nanostructured TiO, materials in the form of powders (particles,
fibers, nanotubes, etc.) or supported layers (thin films, supported
nanotubes, etc.) were developed [19,23-31]. The design of optimal
physico-chemical properties of TiO, such as crystal structure, surface
area, and particle size are crucial [32-34]. Among the variety of TiO5
nanostructured materials, nanopowders are promising as they possess
the above-mentioned features and consist mainly of the anatase TiO,
phase and possess a sufficient amount of surface hydroxyl groups
[35,36]. Over the years, the commercially available TiO; Evonik
(formerly Degussa) AEROXIDE® TiO, P-25 (P25) became a representa-
tive TiO2 nanopowder. P25 is a multiphasic TiO» containing anatase and
rutile (80:20 wt% ratio, respectively) prepared via pyrolysis [37].
Although a majority of the reports on photocatalytic and photoinduced
antimicrobial activity describe P25 with lower efficiency compared to
that of newly designed TiO; nanopowders, P25 remains an efficient
photocatalyst with probably better economic advantages. P25 possesses
remarkable properties such as high chemical purity, low aggregation
and high quantum yield [38-40].

On the other hand, other techniques such as lyophilization (i.e.,
freeze-drying) can be employed for the preparation of TiO nano-
powders. This technique [35,41,42] offers an environmentally- and
economically-friendly synthesis of TiO; in the form of aerogel powders
(TiAP) with controllable particle size and phase composition and high
specific surface area, although it is a time-consuming method that re-
quires high vacuum. Our previous works [26,35,43] reported the
preparation of TiAP with 2D morphology and their better photocatalytic
efficiency than P25. However, toxicity and photoinduced antimicrobial
and antibiofilm performance of such TiAP nanopowder (along with a
comparison with P25) has not been yet reported. As prognosed by
Robichaud et al. [44], the annual global production of 14 million tons of
TiO as a basis for exposure assessment will be reached by 2025. Thus, it
is necessary to comprehensively study TiOs nanopowders (both
commercially available P25 and newly-prepared TiAP) in different
photoinduced applications and to critically assess their efficiency.

In the present work, we thoroughly investigated the photoinduced
catalytic, antimicrobial, and antibiofilm properties along with the
toxicity of two different TiO nanopowders (i.e., TiAP and P25) prepared
by different methods (i.e., pyrolysis and lyophilization). The toxicity
assessments in A549 pulmonary cells were first evaluated. As second,
photocatalytic degradation of two model organic pollutants (methylene
blue and caffeine) was conducted in pure water and physiological so-
lution, respectively. At last, photoinduced antimicrobial and antibiofilm
activity was evaluated on Enterococcus faecalis (planktonic form and
biofilm) and Escherichia coli (planktonic form) as target bacteria. Such
comprehensive study of TiO nanopowders is critically discussed to
highlight the advantages and the drawbacks of both P25 and TiAP. It
also opens the door for future applications in the disinfection of bacteria-
rich environments such as hospitals and hotels and the removal of
organic pollutants in wastewaters.

2. Experimental part
2.1. Nanopowders synthesis and characterization

Two different types of TiO3 nanopowders were used in this study: 1)
TiO4 aerogel powders (TiAP) and 2) commercially available TiO, evonik
(P25). The preparation of TiAP was prepared via the freeze-drying
method (i.e., lyophilization), which is reported in our previous works
[43,45], and it is briefly described in Electronic Supplementary Infor-
mation (ESI).

Morphology and phase composition was determined via Scanning
Electron Microscopy (SEM, Tescan Lyra III) and X-ray Diffraction (XRD,
PANalytical) using a Cu K, radiation (A = 1.5418 A), respectively, while
the Brunauer-Emmett-Teller method was used to calculate the specific
surface area via a cylindrical pore model [46].
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2.2. Cell culture preparation and cytotoxicity assessment

The human lung carcinoma epithelial cells (A549) were obtained
from ATCC (CCL-185, Manassas, VA, USA) and cultured according to
recommended conditions. The cells were proven to be Mycoplasma-free,
and the origin of the cells was confirmed by short tandem repeats
analysis.

For cytotoxicity assay, TiAP and P25 nanoparticles were suspended
in culture medium to obtain stock solutions (1 mg.mL’l) and diluted to
final concentrations (1; 10 and 100 pg.mL’l). The endotoxin contami-
nation of the powder materials was tested using the PyroGene™ Re-
combinant Factor C Assay (Lonza, Blackley, UK).

Briefly, A549 cells were seeded in 96-well plates at density of 5x10°
cells per well overnight. After seeding, cells were exposed to the TiAP
and P25 nanoparticles. The cells were incubated with materials for 24 h
and 48 h. Untreated cells were used as a negative control. 100 pg.mL™}
multiwalled carbon nanotubes (MWCNT, JRC Nanomaterials repository,
Ispra, Varese, Italy) were established as a positive control.

After the treatment with TiAP and P25 nanoparticles, the cytotox-
icity assessment on A549 cells was assessed using the WST-1 test (Sigma-
Aldrich, USA) and glutathione asay. The WST-1 test detects the activity
of mitochondrial dehydrogenases. After exposure, the cells were incu-
bated with the WST-1 reagent for 1 h. The change of absorbance (0-1 h)
was measured at the wavelength of 440 nm using a microplate reader
(Tecan SPARK, Austria). The dehydrogenase activity was expressed as
the percentage of total cellular dehydrogenases activity relative to that
in untreated cells (control = 100%). Glutathione (GSH) levels were
measured using an optimized bimane assay [47]. The fluorescence in-
tensity (Aex/Aem = 394/490 nm) was measured kinetically for 20 min
using SPARK microplate reader (Tecan, Austria). The fluorescence was
expressed as the slope of a fluorescence change over time. The GSH
levels were expressed as the percentage relative to the GSH levels in
untreated cells (control = 100%). We evaluated the occurrence of
nanopowder interference with WST-1 and GSH assays. All tested mate-
rials were found to cause no significant interference in both tests. The
background signal was always under 5% of that in untreated cells.

For microscopy, A549 cells were seeded at a density of 10x10° cells/
well of a chamber slide. After 24 h, the cells were exposed to TiAP and
P25. After 24 h of treatment, cells were fixed with formaldehyde, per-
meabilized with Triton X 100 and washed with phosphate-buffered sa-
line. Fluorescence probes were used to visualize the cells: Hoechst
33258 (Sigma-Aldrich, USA) to stain cell nucleus and phalloidin-TRITC
(=tetramethylrhodamine B isothiocyanate, Sigma-Aldrich, USA) to stain
actin filaments. The actin filaments (TRITC filter, 540/25 nm) and cell
nuclei (DAPI filter, 375/28 nm) were observed with a fluorescence mi-
croscope (Nikon Eclipse 80i, Japan).

All experimental procedures with pulmonary cells were repeated
three times independently with at least four replicates. The results are
expressed as a mean +S.D. The Analysis of Variance followed by Bon-
ferroni post-test was used to perform the mean comparison at signifi-
cance level p = 0.05 (*, p < 0.05, **, p < 0.01, ***, p < 0.001).

2.3. Photocatalytic activity and HOe radicals production

The photocatalytic activity was evaluated by monitoring the degra-
dation of model organic pollutants, i.e., methylene blue aqueous solu-
tion (MB, initial concentration ¢ = 10 uM, 99+%, Acros Organics) and
caffeine aqueous solution (CAF, initial concentration ¢ = 20 ppm,
ReagentPluss, Sigma-Aldrich) under solar-like irradiation (metal-
halogen arc-lamp, HQI TS-OSRAM 400 W/D6500K with a UVB pyrex
filter, Amax = 365 nm, 0.73 mW.cm 2 in the range 335-380 nm) with
constant air bubbling and magnetic stirring in a self-constructed appa-
ratus [48]. All the photocatalytic experiments were performed using 0.1
mg.L_l of suspended TiO3 nanopowder in 30 mL of an aqueous solution
containing the pollutant. To achieve adsorption/desorption equilibrium,
the mixture was placed for 1 h in the dark. The degradation of MB and
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Fig. 1. SEM images of TiO, nanopowders: A) TiAP and B) P25.

CAF was estimated from the decrease of the maximum absorbance at
670 nm and 270 nm, respectively, using a UV-VIS spectrophotometer
(Jasco V-530). The photocatalytic experiments were performed in both
distilled water and physiological solution (0.85% NaCl) in order to
better assess the photocatalytic efficiency at conditions approaching
those in biomedical applications. In addition, the majority of the
photoinduced antimicrobial and antibiofilm properties are evaluated in
physiological solutions. During the measurement, the mixture was
sampled out at a predetermined time, and the supernatant was collected
by centrifugation and subsequently analysed.

2.4. Antimicrobial properties of TiAP and P25 on planktonic forms of
Enterococcus faecalis and Escherichia coli

Strains of Enterococcus faecalis 37VRE and Escherichia coli PA1 were
used as representative microorganisms to measure the photoinduced
antimicrobial properties of TiAP and P25. The bacterial solutions
(1.0x10° CFU.mL"}; colony forming unit per one milliliter) were mixed
with TiAP and P25 in 0.85% NaCl to achieve final concentrations of
1500 pg.mL~?!, 750 pg.mL~}, 375 pg.mL~!, 188 pg.mL ™}, and 94 pg.
mL~%.

Prior to light exposition, reaction suspension was continually stirred
for 60 min at room temperature (RT). Then, half of the sample was
exposed to UV-A light in the perpendicular direction with the Wood’s
lamp (A =365 nm, 11 mW.cm™2), whereas the other half was kept in the
dark. At the given time intervals (0 min, 15 min, 30 min, and 60 min),
100 pL aliquots of each reaction suspension was withdrawn, diluted and
a 50 uL aliquot was spread onto Tryptic Soy agar (TSA, Biomaxima,
Poland) plates. After 24-48 h incubation at 37 °C, the number of col-
onies was counted. The bactericidal activity of TiAP and P25 was eval-
uated by comparing the value of log;p CFU.mL™'. The data and
conclusions were confirmed by replicate experiments.

WST-1 Test

24 h — solid columns
48 h — dashed columns

2

Dehydrogenase activity
[% of control]

10
Concentration [pug.mL-1]

Applied Surface Science 579 (2022) 152145

2.5. Effect of TiAP and P25 on mature biofilms of Enterococcus faecalis
and study of biofilm formation in the microfluidic flow system

The mature 24 h biofilms of E. faecalis were exposed to the TiAP and
P25 suspensions at final concentration of 188 pg.mL~!l. Biofilms in
0.85% NaCl and biofilms treated with 70% ethanol were used as nega-
tive and positive controls, respectively. One sample set of control bio-
films and TiAP and P25 treated biofilms was UV-A irradiated for 60 min.
A similar sample set was maintained in the dark camera for 60 min as a
non-irradiated reference. Then all biofilms were stained with Film-
TracerTM LIVE/DEADTM Biofilm Viability Kit (ThermoFisher Scienti-
fic) and evaluated by an upright Leica SP8 resonant scanning confocal
system (Leica Microsystem, Germany). The percentage of dead cell area
in the biofilms was determined using ImageJ software (NIH). The
combined signal from Syto 9 and PI was also quantified to determine the
total biomass area (live + dead) [49].

The BioFlux1000 system, with 48-well plates (Fluxion Biosciences,
California, USA), was used to study biofilm formation in continuous
flow. After the photocatalytic inactivation as described above, the
planktonic E. faecalis cells, were flushed into the channels of the BioFlux
plate and incubated for 24 h. The biofilms were stained with LIVE/
DEAD™ BacLight™ Bacterial Viability Kit (Invitrogen, USA) and imaged
with a 1 h intervals. Quantification of fluorescence was performed with
the BioFlux software (Fluxion, USA) [50]. The biofilm viability was
calculated based on the formula shown in ESI. Moreover, ESI provides a
more detailed information regarding the Experimental part.

2.6. Detection of aqueous and intracellular ROS (HOe and iROS)

In an aqueous solution, the production of HOe by TiAP and P25 was
studied by the terephthalic acid assay using fluorescence spectroscopy
(Shimadzu RF-6000). In typical produce, samples (0.1 mg.mL 1) were
suspended in 30 mL aqueous solution of terephthalic (TA, 2 mM) and
kept in the dark for 30 min. After the mixture is exposed to solar-like
irradiation, thereby generating HOe which reacts with TA to form
fluorescent hydroxy terephthalate (Aex = 310 nm and Ay, = 425 nm).

Total (HOe and Oge-) intracellular reactive oxygen species (iROS)
levels were measured using the 5 uM CellROXTM Green Reagent (Invi-
trogen by Thermo Fisher Scientific, Eugene, Oregon, USA). Additionally,
the 5 pM dihydroethidium (DHE) probe (Sigma-Aldrich, St Louis, USA)
was used to quantify the amount of intracellular superoxide anion (Oxe-
). The bacteria (108 CFU.mLfl) with Hy0 (1 mL:1 mL) and bacteria with
1.5% H50, were used as a negative and positive controls, respectively.

The fluorescence values of control and treated (188 ug.mL ™" of TiAP
and P25, 60 min, UV-A/dark) cells were measured in 96-well black
titration plates (Thermo Fisher Scientif, Roskilde, Denmark) using a

Optimized Bimane Assay
24 h - solid columns
48 h — dashed columns

TIAP P25

v)
-

Glutathione levels
[% of control]

Concentration [pg.mL-1]

Fig. 2. The effect of TiAP and P25 (1, 10, 100 ug.mL ') on A) dehydrogenase activity and B) glutathione levels in A549 pulmonary cells after 24 h and 48 h. MWCNT
(100 pg.mL~!) were used as a positive control. Data are expressed as % of untreated cells (i.e., control) and represent the mean + SD of three independent ex-

periments. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (vs. untreated cells).



G. Karthikeyan Thirunavukkarasu et al.

Applied Surface Science 579 (2022) 152145

Control

TiAP

100 pg.mL"!

100 pg.mL-1

MWCNT

Fig. 3. Photomicrographs of A549 pulmonary cells grown for 24 h: untreated (A-C), TiAP (10 and 100 pg.rnL’l; D-I), P25 (10 and 100 pg.mL’l; J-0), and MWCNT
(100 pg.mL~!; P-S). The cells were stained to visualize actin filaments (red, phalloidin-TRITC) and cell nuclei (blue, Hoechst 33258).

microplate reader (Infinite M200PRO, Tecane, Switzerland) with the
excitation/emission wavelengths of 485 nm/520 nm for CellROXTM
Green Reagent and 480 nm/590 nm for DHE probe. Relative ROS levels
were calculated by the fluorescence ratio of the treatments to the con-
trol, in triplicate [51].

3. Results and discussion
3.1. Structural properties

Fig. 1A and B shows representative SEM images of TiAP and P25,

respectively. TiAP possess 2D morphology whereas P25 a 0D one. The
2D structure of TiAP was previously confirmed by our group [26,43,52]
and additional FESEM and TEM images that confirm the 2D structure of
TiAP are shown in ESI (Fig. S2). Both materials are prone to form ag-
glomerates due to their powder nature with crystallite size of < 40 nm.
The crystallite size observed on SEM images is in good correlation with
the crystallite size calculated from XRD (Fig. S1). Indeed, using the
Debye-Scherrer equation for the (101) diffraction of the anatase TiOo,
the average crystallite size is approx. 32 nm and 20 nm for TiAP and P25,
respectively. A decrease in the average crystallite size for P25 compared
to that of TiAP is due to the different preparation techniques, i.e.,
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Fig. 4. Photocatalytic degradation rates of A) Methylene blue and B) Caffeine in aqueous (X) and physiological (X-ph) solution for TiAP (TiAP and TiAP-ph,
respectively) and P25 (P25 and P25-ph, respectively) under solar-like irradiation. k represents the calculated first-order kinetic rate constant. C) Dependence
overtime of the concentration of hydroxyl-terephthalic acid (TA-OH) produced during solar-like irradiation of TiAP, P25, TiAP-ph, and P25-ph, respectively.

pyrolysis for P25 and lyophilization for TiAP. Consequently, a higher
specific surface area was obtained for P25 (Sggr = 35.4 mz.g’l)
compared to that of TiAP (Sggr = 15.6 m2. g’l) since a smaller crystallite
size usually leads to a higher specific surface area. In addition, the op-
tical bandgap (Eg) was calculated using the Tauc’s plot from diffuse
reflectance spectra (Fig S3) for TiAP (Eg ~3.25 eV) and P25 (E; ~3.09
eV). A more detailed investigation of the other properties, including
optical, morphological, structural, and photoelectrochemical charac-
terization of TiAP and P25, is already discussed in our previous report
[26].

3.2. Cytotoxicity assessment

Biological effects of TiAP and P25 on A549 pulmonary cells were
investigated first. Analysis of the bacterial endotoxin presence in TiAP,
P25, and multi-walled carbon nanotubes (MWCNT) showed no endo-
toxin levels (i.e., below the detection limit of the assay). Thus, the ma-
terials are considered endotoxin-free.

Cell viability was estimated by exploring the mitochondrial dehy-
drogenase activity using the WST-1 test (Table S1). Fig. 2A shows that
TiAP and P25 significantly induced reduction of the dehydrogenase
activity in A549 cells after 24 h and 48 h treatment, respectively. After
24 h (solid columns in Fig. 2A), the A549 cells treated with 100 pg.mL ™
of TiAP and P25 exhibited an insignificant decrease in cell viability.
After 48 h (dashed columns in Fig. 2A), the reduction of the cell viability
further decreased relatively to the increased concentrations. Indeed,

100 pg.mL™! of TiAP and 100 pg.mL™! of P25 induced the decrease of
the cell viability to 85+3% (p < 0.001, vs. untreated cells) and 87+6%
(p < 0.001, vs. untreated cells). According to the outcomes, a similar
toxic effect of TiAP and P25 on dehydrogenase activity was determined.
On the other hand, MWCNT treated cells exhibited the largest impair-
ment after both 24 h (71+3%, p < 0.001, vs. untreated cells) and 48 h
(77+4%, p < 0.001, vs. untreated cells).

Furthermore, the glutathione (GSH) levels in A549 cells were esti-
mated via the bimane assay. The concentration-dependent results on the
GSH levels in TiAP, P25, and MWCNT are summarized in Fig. 2B
(Table S2). After 24 h (solid columns in Fig. 2B), the tested concentra-
tions of TiAP significantly induced GSH depletion. In contrast, P25
induced significant GSH depletion only at the concentration of 100 pg.
mL ! after 24 h. After 48 h (dashed columns in Fig. 2B), the cells seemed
to generally recover the GSH levels. Thus, a significant GSH depletion
was present solely in the highest tested concentration (100 pg.mL™?) of
TiAP, and P25 treated cells. At this particular concentration, a decrease
in GSH levels to 84+5% (p < 0.001, vs. untreated cells) and 91+5% (p <
0.001, vs. untreated cells) was observed in TiAP and P25, respectively.
The largest cell impairment was observed in 100 pg.mL™! MWCNT
treated A549 cells, where the GSH levels decreased to approx. 60% in
comparison to the untreated cells after both 24 h and 48 h.

Fluorescence microscopy imaging (Fig. 3) of pulmonary A549 cells
after 24 h of incubation was undertaken to support the acquired quan-
titative data of the toxicity assessments (Fig. 2). Fluorescence staining of
actin filaments (phalloidin-FITC probe, red color) and nuclei (Hoechst
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Fig. 5. Effect of TiAP and P25 on survival of planktonic cells of E. faecalis 37VRE and E. coli PA1 under UV-A (A,C) and in the dark (B,D), respectively. x-axis: time of

exposure; y-axis: survival rate of bacteria; z-axis: concentration of TiAP and P25.

33258 dye, blue color) was used to define the functional morphology of
A549 cells. Typical pebble-like morphology of A549 cells was docu-
mented. A comparable density (to control) of nuclei was observed in
TiAP and P25 in concentrations 10 pg.mL’1 and 100 ug.mL’l. However,
a higher density of nuclei was determined in TiAP and P25 compared to
that of MWCNT. These results are in good agreement with the obtained
quantitative data in Fig. 2.

3.3. Photocatalytic activity

As second, the photocatalytic activity of TiAP and P25 was evaluated
as the ability of the material to degrade model organic pollutants (i.e.,
methylene blue MB and caffeine CAF). The photocatalytic degradation
of MB and CAF by TiO, nanopowders under solar-like irradiation is
considered as a first-order kinetic reaction which is typical for TiOy
photocatalysis [19]:

In(c/cy) = —kt @
where ¢y is the initial concentration, c is the concentration at time t, and
k is the apparent kinetic constant.

The calculated values of k for the different investigated

photocatalytic systems are shown in Fig. 4. Repeated photocatalytic runs
are shown in ESI (Fig. S4). In general, the differences between the
repeated runs did not exceed +5%, thus confirming the photocatalysts
are stable and efficient over time. In pure water, higher degradation
extents were obtained using TiAP for both MB (k = 0.265 min~ 1) and
CAF (k = 0.054 min™ 1) compared to that of P25 (k = 0.214 min ! for
MB; k = 0.019 min~! for CAF). The reasons behind these results are
described by considering the specific surface area, morphology, and
phase composition of TiOy nanopowders, which are important param-
eters for the material’s photocatalytic performance [19,53]. Although
the specific surface area of P25 (Sgpr = 35.4 m2.g 1) is higher compared
to TiAP (Sggr = 15.6 mz.g’l), P25 possessed a lower photocatalytic ef-
ficiency. Therefore, other parameters such as morphology (including the
dimensionality) and phase composition of the material are predominant
in the explanation of the overall photocatalytic efficiency. Here, TiAP is
composed of 2D particles, whereas P25 is considered as 0D material. As
already reported [54-56], a superior e /h* pairs separation and charge
carrier transfer is present in 2D materials compared to 0D materials. In
our previous work [26], a 10% increase in the incident-photon-to-
electron conversion efficiency for TiAP compared to P25 was also
observed. In other words, the amount of the photogenerated e and h is
increased within TiAP, thus leading to increased degradation of MB and
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mL~1); under UV-A and in the dark (60 min). A) Examples of confocal images showing the top view of 24 h developed biofilm formed by E. faecalis 37VRE. B) K(-)
control live biofilm, and C) K(+) control dead biofilm (treated with 70% ethanol/10 min), biofilms treated with TiAP and P25 (188 pg.mL'1 for 60 min under UV-

A/dark).

CAF. The suitable 2D morphology in TiAP offers an increased number of
catalytic sites, while in P25, the particles are three-dimensionally con-
nected, thus forming a nanoparticulate structure that does not offer a
large amount of catalytic sites [57,58]. Moreover, there are multiple
light scattering events that provide a higher number of photons that can
be utilized in 2D materials. Concerning the role of the phase composition
of TiO,, for efficient photocatalysis, it still remains controversial. Indeed,
anatase is more photoactive than rutile [59]. P25 predominantly con-
tains anatase (approx. 80%) with approx. 20% of rutile, and it is
considered as an optimal ratio for efficient photocatalysis [60], since at
the interface anatase/rutile (at the heterojunction), the lifetime of e/h"
pairs is enhanced due to beneficial charge carrier separation and
transfer. On the other hand, TiAP consists solely of anatase TiO,. In the
present work, considering all these various aspects, the interplay of the
specific surface area, morphology, and phase composition are un-
doubtedly important factors but it appears that the morphology is the
predominant one since TiAP is more efficient than P25 for the photo-
catalytic degradation of MB and CAF.

In physiological solution, photocatalytic efficiency of TiAP (TiAP-ph,
k = 0.109 min~! for MB; k = 0.022 min~! for CAF) was also higher than
that of P25 (P25-ph, k = 0.115 min~" for MB; k = 0.013 min~! for CAF).
However, compared to a pure water system, the degradation extents in
physiological solutions were lower. That is due to the presence of
chloride ions which limit the action of hydroxyl radicals according to the
reactions (Eq. (2) and (3)).

CI" + HOe — HOCle" 2)

3

Other inhibition mechanisms can be involved, such as 1) blocking of
the active surface sites by chloride adsorption [61-67] and 2) increasing
aggregation of TiOq particles [68]. Nevertheless, approx. 70 % of MB
and > 30% of CAF was degraded using both TiAP and P25 after 10 and
30 min, respectively.

To demonstrate the photocatalytic activity of TiAP and P25, HOe
were analyzed by fluorescence spectroscopy since they are considered as
the main ROS in the degradation of organic pollutants such as MB and
CAF. The generation of HOe under solar-like irradiation over time is
summarized in Fig. 4C. The data support the resulting photocatalytic
measurements since the highest production rate of hydroxyl-
terephthalic acid is obtained for TiAP (approx. 1.1x10~® mol.L™1) fol-
lowed by P25, TiAP-ph, and P25-ph (between 7x1077 mol.L™! -
8x107 mol.L. 1) after 10 min.

From these photocatalytic results, it is clear that TiAP is a better
photocatalyst than P25 in a pure water system. However, in physio-
logical solution, both nanopowders have similar efficiency, thus high-
lighting that TiAP is more susceptible to the chemical environment than
P25.

HOCle™ + CI' = Clpe” + OH™
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Fig. 7. Imaging of the channel cross-section with E. faecalis biofilms after 24 h
of incubation at flow conditions (0.5 dyn.cm’z). Biofilms were formed by
bacteria treated with TiAP and P25 (188 pg.mL’l) under 60 min of UV-A and in
the dark. Left column images — biofilms visualized using differential interfer-
ence contrast (DIC); right column images — biofilms stained with Syto9 (live
cells; green fluorescence) and PI (dead cells; red fluorescence). Control — un-
treated bacteria; scale bar = 100 um.

3.4. Photoinduced antimicrobial and antibiofilm performance

At last, photoinduced antimicrobial and antibiofilm activity of TiAP
and P25 against planktonic (free living) and biofilm (sessile) forms of
bacteria was evaluated in the dark and under UV-A light at different
concentrations (94 pg.mL’l, 188 pg.rnL’l, 375 pg.mL’l, 750 pg.mL’l,
and 1500 pg.mL™1). Fig. 5 shows the survival rate (ability to grow) of
planktonic E. coli (Gram-negative) and E. faecalis (Gram-positive). In the
dark and under UV-A without TiAP and P25 (Fig. 5), no significant
antibacterial effect was detected (6 logio CFU.mL ™! after 60 min expo-
sure). However, after 60 min exposure to TiAP and P25 in the dark, a
small reduction of bacteria (~5 log;o CFU.mL™1) was present. Indeed,
the fragmentation (by mechanical force of the nanoparticles) of the
E. coli and E. faecalis cell membrane by TiAP and P25 is responsible for
such a result [21,22]. This mechanism is described as following. Inter-
action between TiAP/P25 with the bacterial membrane induces an in-
crease in the membrane tension due to the adsorbed nanoparticles of
TiAP/P25 to the cell membrane [22] that result to the cell fragmentation
and subsequently to cell death. After UV-A irradiation for 15 min, 30
min, and 60 min in the presence of TiAP and P25, the survival rate of
bacteria decreased significantly, as illustrated in Fig. 5A (E. coli) and
Fig. 5C (E. faecalis). After 60 min, a complete 6 logig CFU.mL ! reduc-
tion of both bacteria was obtained for all concentrations of TiAP and
P25, respectively. However, as nanopowders concentration decreases
and irradiation time is shortened, the photo-induced antimicrobial ef-
ficiency decreases, especially for TiAP. Indeed, after 15 min, for P25, a
survival of E. coli (4 logio CFU.mL™! and 2 log1o CFU.mL™Y) and
E. faecalis (2 logio CFU.mL ™! and 1 log;q CFU.mL™!) was obtained for
concentrations of 94 pg.mL ™! and 188 pg.mL ™, respectively, while in
the presence of TiAP, both the bacteria still survived whatever the
concentration of TiAP. Interestingly, at the highest concentration of
TiAP (1500 pg.mL’l), an increase in the survival rate of bacteria was
present. That can reflect the dosage-dependent antibacterial effect,
where the amount of killed bacteria was strongly dependent on the
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formation of nanoparticle aggregates. Indeed, TiAP is prone to form
larger agglomerates compared to P25. The dense clusters of nano-
particles blocked the access of ROS to the bacterial cells. This phe-
nomenon was observed after a short exposure time (15 min), while
longer UV-A irradiation abolished this effect. A similar phenomenon was
previously reported [69,70].

The photoinduced inactivation of planktonic cells showed no sig-
nificant resistance to ROS. Nevertheless, the penetration of the biofilm
by the oxidizing agents might be challenging. Therefore, the study of
TiAP and P25 against a) the already formed biofilm and b) in preventing
the biofilm formation was conducted (Fig. 6). In these studies, a rela-
tively low concentration of TiAP and P25 (188 pg.mL 1) was used, so a
significant but not 100% reduction of bacteria was demonstrated.
Indeed, keeping part of the population alive is essential for biofilm
production. Moreover, as described above, a lower concentration of
TiAP and P25 prevents the formation of large agglomerates that limits
their antimicrobial activity. Therefore, to evaluate TiAP and P25 anti-
biofilm performance against mature biofilms, 24 h E. faecalis biofilm was
uniformly formed across a glass substrate under static conditions. To
note, E. coli did not produce biofilms under the used experimental
conditions; therefore, they were not further studied. Confocal Laser
Scanning Microscopy (CLSM) show the total biomass of E. faecalis (live
and dead cells) exposed to TiAP and P25 along with the negative K(-)
and positive K(+) control in the dark and under UV-A (Fig. 6A). The total
biomass for TiAP and P25 treated biofilms decreased from 60.5% (dark)
to 16% (UV-A) and from 70% (dark) to 10% (UV-A), respectively
(Fig. 6C). Fig. 6B shows a quantitative analysis of the proportion of dead
cells in the biofilms. After 60 min UV-A irradiation, the percentage of
dead cells in the biofilms was following: 4% (untreated cells), 91%
(control biofilm treated with ethanol), 21% (biofilm treated with TiAP),
and 15% (biofilm treated with P25). The antibiofilm performance of
TiAP and P25 was lower compared to that of the planktonic forms of
E. faecalis. Indeed, the biofilm cells exhibit higher tolerance to most
microbial agents compared to that of the planktonic ones. The crucial
feature that clearly distinguishes biofilms from their planktonic coun-
terparts is conditioned by the production of a protective extracellular
matrix (ECM), the presence of a specialized persister cells, and an ability
to coordinate the metabolic functions of all biofilm cells (quorum
sensing phenomenon) [71]. Considering the relatively low concentra-
tion of TiAP and P25, a considerable high antibiofilm performance was
achieved.

To obtain a deeper understanding of the antibiofilm performance of
TiAP and P25, biofilm formation in microfluidic conditions was also
evaluated. Fig. 7 shows the visual presentation (channels of BioFlux
plate) of 24 h E. faecalis biofilms. They were developed after 60 min
exposure of the cells to TiAP and P25 with the concentration of 188 pg.
mL ! in the dark and under UV-A light. The total control surface (not
treated with TiAP and P25) area covered by the biofilm was approx.
48.63% with the biofilm viability of 87.02 %. After exposing the cells to
TiAP and P25, a substantial decrease of the adhesion process, thus
limiting the biofilm formation, was observed. In the dark, approx. 7.98%
and 5.61% surface area was covered by the biofilm after exposure to
TiAP and P25, respectively. After 60 min UV-A irradiation, a further
decrease in the biofilm formation was obtained only for P25 (covered
surface area approx. 4.16%). In the case of TiAP, approx. 13% of the
surface area was covered by the biofilm. These differences are due to the
tendency of TiAP to form more aggregates than P25 and the formation of
bacterial aggregates with TiAP nanoparticles under UV-A. In the long
run, such structures are a source of oxidative stress, deadly for bacteria
[72]. Overall, a strong impact of TiAP and P25 on the viability, adhe-
sion, and ability to produce biofilm by E. faecalis, under flow conditions
was determined.

To get better insights into antimicrobial and antibiofilm mechanism,
levels of the intracellular reactive oxygen species (iROS) was evaluated
via CellROX Green and DHE probes. In vitro, the CellROX dye is oxidized
exclusively by intracellular superoxide (Oge’) and by hydroxyl radical
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the dihydroethidium (DHE) probe. The absolute fluorescence value was corrected by subtracting the fluorescence value for a sample in water with the absence of UV-

A. (*) - indicates zero (corrected fluorescence value).

(HOe). However, the probe cannot differentiate the ROS subspecies.
With the DHE probe, only total cellular Oe” production can be detected
[73]. Besides the fragmentation of the cell membrane, the mechanism
that led to the photoinduced inactivation of E. faecalis and E. coli by TiAP
and P25 primarily depends on the amount of the produced iROS. An
increase in iROS levels resulted in a collapse of the cellular antioxidant
defense that subsequently led to oxidative stress. This state resulted in
intracellular compounds damage and cell death [74]. Fig. 8A and C
shows the produced amount of HOe and Oge” (iROS) as the dependency
of the fluorescence levels after 60 min UV-A irradiation and in the dark
(bacteria exposed to 1.5% H20; for 60 min in the dark was used as a
positive control). A strong response was observed for TiAP and P25 at
the concentration of 188 pg.mL™". In general, a higher concentration of
iROS was produced in TiAP than in P25 under UV-A light and in the
dark. Thus, higher oxidative stress was generated by TiAP in both types
of bacteria (Fig. 8A and B). The levels of Oze” in TiAP and P25 are shown
in Fig. 8C and D. For TiAP, a higher concentration of Oge” was generated
than in P25. The overall oxidative stress for E. coli was lower compared
to E. faecalis. The exact mechanism of the photocatalytic inactivation of
bacteria is not fully understood yet. However, it is presumed to be
largely dependent on the chemical structure and overall complexity of
the cellular sheaths [74]. Overall, it is accepted that the oxidizing agents
first attack the bacterial cell walls, which is different in Gram-negative
E. coli than in Gram-positive E. faecalis [75]. A Gram-negative cell
wall is more complex due to an additional outer membrane consisted of
a two lipid barrier [76]. Thus the outer membrane act as a natural
barrier for the generated ROS and selectively blocks the particles
transfer into the cell interior.

4. Conclusions

TiO4 aerogel powders prepared by lyophilization and commercially
available TiOy P25 are critically compared for cytotoxicity, photo-
catalytic activity, antibacterial, and antibiofilm performance. Both
nanopowders showed different photocatalytic and biological properties
due to their crystallite size, phase, shape, morphology, and surface area,
i.e., TiAP possess a 2D and P25 a 0D morphology. Cytotoxicity assess-
ment of A549 pulmonary cells by measuring the dehydrogenase activity
and glutathione levels showed a low level of toxicity for both TiAP and
P25. TiAP showed better photocatalytic activity under UV-A irradiation
in the degradation of methylene blue and caffeine in pure water and
physiological solution than P25 due to more catalytic sites of TiAP,
which in turn produces more HO® radicals for the photodegradation of
the pollutants. However, the photodegradation of the pollutants in
physiological solution exhibited a lower degradation extent for both
TiAP and P25 than the pure water since Cl ions act as a scavenger of
HO® radicals. The antimicrobial studies on planktonic E. coli and
E. faecalis for both TiAP and P25 under UV-A irradiation for 60 min
showed complete inactivation of the bacteria from 6 log;¢ CFU.mL ' to
zero for all concentrations of the nanopowders. Interestingly, lower
concentration and shorter UV-A irradiation time of 15 min showed
insufficient inactivation of the bacteria by the nanopowders, especially
TiAP was less efficient than P25. Moreover, the antibiofilm performance
of TiAP and P25 under UV-A irradiation studied using E. faecalis was
similar. The effect of oxidative stress by TiOy nanopowders is different
according to the complexity of the bacterial cell wall, wherein E. faecalis
showed higher oxidative stress than E. coli. Thus, the cytotoxicity,
photocatalytic, antibacterial, and antibiofilm experiments showed the
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benefits and drawbacks of TiAP and P25 under different experimental
conditions, thereby opening a pathway to use these nanopowders effi-
ciently for environmental and biological applications. Indeed, regarding
the results of this critical comparison between P25 and TiAP, it appears
that although P25 is, so far, economically more advantegeous than the
newly designed 2D TiO, nanopowders, these 2D TiO, nanopowders
appear promising mainly in term of photocatalytic efficiency.
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