
Impact of Photocatalysis on Fungal Cells: Depiction of Cellular and
Molecular Effects on Saccharomyces cerevisiae

Sana Thabet,a,b France Simonet,b Marc Lemaire,a Chantal Guillard,b Pascale Cottona

Université de Lyon, Université Lyon 1, CNRS-UCB-INSA, UMR 5240 Microbiologie, Adaptation et Pathogénie, Génétique Moléculaire des Levures, Domaine Scientifique de
la Doua, Villeurbanne, Francea; Université de Lyon, Université Lyon 1, CNRS, UMR 5256, IRCELYON, Institut de Recherches sur la Catalyse et l’Environnement de Lyon,
Villeurbanne, Franceb

We have investigated the antimicrobial effects of photocatalysis on the yeast model Saccharomyces cerevisiae. To accurately
study the antimicrobial mechanisms of the photocatalytic process, we focused our investigations on two questions: the entry of
the nanoparticles in treated cells and the fate of the intracellular environment. Transmission electronic microscopy did not re-
veal any entry of nanoparticles within the cells, even for long exposure times, despite degradation of the cell wall space and de-
construction of cellular compartments. In contrast to proteins located at the periphery of the cells, intracellular proteins did not
disappear uniformly. Disappearance or persistence of proteins from the pool of oxidized intracellular isoforms was not corre-
lated to their functions. Altogether, our data suggested that photocatalysis induces the establishment of an intracellular oxida-
tive environment. This hypothesis was sustained by the detection of an increased level of superoxide ions (O2°�) in treated cells
and by greater cell cultivability for cells expressing oxidant stress response genes during photocatalytic exposure. The increase in
intracellular ROS, which was not connected to the entry of nanoparticles within the cells or to a direct contact with the plasma
membrane, could be the result of an imbalance in redox status amplified by chain reactions. Moreover, we expanded our study to
other yeast and filamentous fungi and pointed out that, in contrast to the laboratory model S. cerevisiae, some environmental
strains are very resistant to photocatalysis. This could be related to the cell wall composition and structure.

Photocatalysis has emerged as a powerful antimicrobial tech-
nology by providing an alternative to conventional chemical

disinfection methods (1–6). Photocatalytic reaction process is
based on the generation of reactive oxygen species (ROS) upon
UV illumination of a semiconductor in aqueous solution (7, 8). It
is generally accepted that the hydroxyl radical (°OH), which is
generated at the surface of an illuminated photocatalyst, such as
titanium dioxide (TiO2), plays the main role, but some other ROS
(H2O2, O2�) could be implicated (9, 10).

Photocatalysis was first shown to be an effective sterilization
process by Matsunaga in 1985 (11). Thereafter, many studies con-
firmed that prokaryotes, such as Gram-positive and negative bac-
teria, and eukaryotes, such as protozoans, microalgae, and fungi,
could be inactivated by photocatalytic treatment (12–15). Despite
a great number of studies, most of them focused on the Gram-
negative bacterial model Escherichia coli (2). However, expanding
knowledge to other groups of microorganisms such as the eukary-
otic fungal kingdom constitutes an excellent way to investigate the
antimicrobial performances of the photocatalytic process. Fungi
are efficiently spread by both air and water and thus are omnipres-
ent in the environment. As environmental contaminants, they
cause spoilage in food processing and are responsible for massive
loss of crops (16). In the health sector, fungal infections have be-
come a prominent problem due to the increase of immunocom-
promised patients highly susceptible to opportunistic infections,
including mycoses (17–20).

Data on the effects of photocatalytic treatment on fungal cells
are scarce and mostly restricted to cell cultivability. Such studies
revealed that yeast cells and fungal spores are more resistant to
photocatalysis than bacteria, and this is certainly due to different
cell wall properties (21–23). Although photocatalytic disinfection
mechanisms are currently still under debate, the release of cell
content (potassium ions, RNA, and proteins) and lipid oxidation

during photocatalytic treatment suggest that damages to cytoplas-
mic membrane could be the main killing mechanism (24–26).

In a previous study (26), we described the effects of photoca-
talysis on Saccharomyces cerevisiae cell cultivability and viability as
a good model for fungal cells. Inactivation kinetics during expo-
sure of yeast cells under optimal conditions (cells were treated in
ultrapure [UP] water with a semiconductor concentration of 0.1
g/liter and a 3.78-mW/cm2 UV-A radiation radiance intensity)
revealed that photocatalysis has a decimal reduction time (90% of
inactivation) of only 30 min, whereas exposure to UV-A without
the presence of TiO2 required about 4.5 h. Moreover, we showed
that S. cerevisiae cell death and loss of cultivability upon TiO2

photocatalytic treatment was directly connected to altered mem-
brane permeability, the loss of intracellular enzyme activity, and a
massive loss of potassium (26). That previous study suggested that
TiO2 particles could infiltrate the wall to get in close contact with
the cytoplasmic membrane despite the thickness of the yeast cell
wall.

In the present study, we further investigate the mechanisms of
fungal cell inactivation by photocatalysis. Firstly, we focused on
the unicellular eukaryotic yeast model S. cerevisiae and show that
TiO2 nanoparticles were unable to enter the cells despite tremen-
dous damage to the cell wall caused by photocatalysis. Moreover,
we show that the intracellular environment is strongly impacted
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during photocatalytic treatment. In addition, the present study
compares the effects of photocatalysis on several different fungus-
like yeast cells and spores of the gray mold Botrytis cinerea that
differ notably in the presence of pigments.

MATERIALS AND METHODS
Fungal strains and growth media. S. cerevisiae BY4742 and B. cinerea
B05.10 laboratory strains were used for inactivation experiments. Can-
dida krusei and Rhodotorula glutinis were isolated from the environment.
C. krusei was isolated from a brewery, and R. glutinis was isolated from a
chiller room. The identification of the two strains was confirmed by bio-
chemical (API 20C yeast identification system) and molecular methods
(PCR-based comparison of ITS sequences). Yeast cells were grown at 28°C
on YPD (1% yeast extract, 2% peptone, 2% glucose) with 2% agar for solid
medium. S. cerevisiae BY4742 transformants were selected and further
grown on minimal medium containing 0.67% yeast nitrogen base
(Difco), 0.5% ammonium sulfate, 2% glucose, and the required amino
acids and bases. B. cinerea was cultivated on PDA (potato dextrose agar)
medium.

Photocatalytic treatment. Commercial titanium dioxide P-25 pow-
der (Evonik, Germany) was used for all experiments. It is constituted by
80% anatase and 20% rutile, with an average size of 30 nm and a density of
3.8 g/cm2. All photocatalytic experiments were performed in a 90-ml cy-
lindrical Pyrex reactor with an optical window diameter of 3.6 cm and
containing 20 ml of cell suspension. Experiments were carried out with an
HPK 125-W mercury lamp cooled with a water circulation system. The
light spectrum of the lamp was cut off below 340 nm using a 7830 filter,
keeping only the UV-A wavelength (365 nm) and visible light. The total
UV radiance intensity received by fungal cell suspensions was measured
by a digital radiometer (VLX-3W; UVItec) equipped with 365 nm � 5%
detector. All photocatalytic experiments were performed according to the
method of Thabet et al. (26), using a total radiance intensity of 3.8 mW/
cm2 and a TiO2 concentration of 0.1 g/liter. TiO2 and cell suspensions
were prepared in UP water and stirred 30 min in the dark to ensure
homogenization and contact between TiO2 particles and fungal cells be-
fore starting UV-A exposure.

Cultivability assays. Cell samples were collected at regular time inter-
vals during inactivation. Serial dilutions were then made in YPD medium
and spread onto YPD agar plates. Colonies were counted after 2 days of
incubation at 28°C. Three replicates were used for each dilution of each
sampling time. Independent experiments were performed three times.

MDA assay. A malondialdehyde (MDA) assay was performed using
the TBARS method (27) based on the derivatization of MDA by thiobar-
bituric acid (TBA). TBA reacts with MDA to form a colored adduct MDA-
TBA2 (excitation wavelength, 532 nm; emission wavelength, 533 nm) de-
tectable at low level by HPLC. Samples (1 ml, 107 cells) were collected,
filtered (0.45-�m pore size; Merck/Millipore) to clear them from cells and
TiO2 particles. Because TBA is also able to react with proteins, samples
were mixed with 1 volume of 10% (wt/vol) trichloroacetic acid (TCA)
solution in order to precipitate proteins and then derivated at 95°C with
freshly prepared TBA solution (0.67% [wt/vol]). After cooling at room
temperature, MDA was detected by high-pressure liquid chromatography
(HPLC; Agilent 1290 Infinity) equipped with an Agilent spectrofluoro-
metric detector and a C18 column (250 by 4.6 mm, 0.5 �m). Eluent was
methanol-phosphate buffer (pH 6.8; 40/60 [vol/vol]) with a flow rate of
1 ml/min. The data were collected by using Chem32 software. MDA
concentrations were calculated according to a standard curve of MDA
solutions ranging from 0 to 2 �M.

Sample preparation for scanning electron microscopy (SEM). S.
cerevisiae cells were fixed by 4% glutaraldehyde (Electron Microscopy
Science) in 0.2 M sodium cacodylate buffer (pH 5.5 to 6; Electron Micro-
copy Science), washed with cacodylate buffer, and dehydrated through
increasing gradual ethanol series. Finally, samples were sputter coated
with gold. Samples analyses was performed using an FEI ESEM model
XL30 scanning electron microscope.

Sample preparation for transmission electronic microscopy (TEM).
Cell samples were first fixed by using 4% glutaraldehyde (Electron Mi-
croscopy Science) in 0.2 M sodium cacodylate buffer at 4°C. The samples
were postfixed with osmium tetroxide (OsO4) in cacodylate buffer and
dehydrated by increasing gradual ethanol concentrations. Finally, cells
were embedded within Epon resin. Ultrathin sections were obtained by
ultramicrotome and contrasted with uranyl acetate and lead citrate. Cells
were observed by using JEM 1400 and JEM 2010F transmission electron
microscopes.

Protein extraction. A soluble protein fraction was extracted from the
totality of cells (2 � 108) of a treated suspension collected by centrifuga-
tion (3 min, 4,000 rpm). Cells were disrupted by using a Fastprep-24 (MP
Biomedical) in the presence of lysis buffer without detergent (10% glyc-
erol in phosphate-buffered saline [PBS]) and glass beads (0.5 mm in di-
ameter). Samples were treated four times (30 s, 6.5 m/s). Tubes were
cooled 5 min on ice between processing. The cell lysate containing soluble
proteins was finally recovered and centrifuged to pellet cells debris (mem-
branes and walls). Samples were mixed with Laemmli buffer (0.06 M
Tris-HCl [pH 6.8], 5% glycerol, 2% sodium dodecyl sulfate [SDS], 4%
�-mercaptoethanol, 0.0025% bromophenol blue) and heated 3 min at
95°C in buffer before loading. An insoluble protein fraction was extracted
from pelleted cell debris, which were first washed by lysis buffer lacking
detergent to eliminate the remaining soluble fraction. Cell debris were
then resuspended in Laemmli buffer and heated 3 min at 95°C before
loading.

Protein analysis. SDS-PAGE was performed with 10% (wt/vol) poly-
acrylamide gels as described by Laemmli (28). To identify proteins by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) tech-
nique, the bands of interest were discolored, subjected to trypsin diges-
tion, and analyzed by nanoliquid chromatography (HPLC Ultimate 3000;
Dionex) connected to a mass spectrometer (LTQ Velos; Thermo Scien-
tific). A second MS analysis was performed on the 10 most important
peaks. After data acquisition, the files were uploaded into Proteome Dis-
coverer software (Thermo Electron), and a UniP_Sacchar_cerev database
search was performed by using the Mascot in-house installed version
(v2.3) according to the following criteria: an MS/MS ion search, electro-
spray ionization (ESI-TRAP) instrument type, trypsin as a digestion en-
zyme, carbamidomethyl and oxidation as modifications, an allowance of
two missed cleavages, a peptide mass tolerance of �1.5 Da, a fragment
mass tolerance of �0.6 Da, individual ions scores of �37, and identifica-
tion significance at P � 0.01.

Western blot assay. Immunodetection of proteins bound to 2,4-dini-
trophenylhydrazine (2,4-DNPH) were performed according to the of
method Shacter et al. (29). The anti-DNPH antibody (catalog no. A-6430,
rabbit IgG fraction; Molecular Probes) was used at a 1/4,000 dilution. The
secondary antibody (goat anti-rabbit conjugated to horseradish peroxi-
dase; Santa Cruz Biotech) was used at a 1/20,000 dilution. Each loading
corresponded to a protein extract from 1.6 � 107 yeast cells.

Plasmid construction and overexpression assay. Plasmids were con-
structed by PCR-directed homologous recombination in vivo according
to the method of Oldenburg et al. (30). Gene sequences, including their
promoters and terminators, that encode Ctt1p, Sod1p, and Sod2p were
amplified by PCR using, respectively, the following primer pairs: CTT1F
and CTT1R (CCCCCCCTCGAGGTCGACGGTATCGATAAGCTTGAT
ATCGGCCAAGTACATAGAATCCACAGTGC and AGCTCCACCGCG
GTGGCGGCCGCTCTAGAACTAGTGGATCGTTTTCTCTGCTGGTA
CTCTG), SOD1F and SOD1R (AGGTCGACGGTATCGATAAGCTTGA
TATCGAATTCCTGCAGGCAGCACCCAAGTCAGTGACC and AGCT
CCACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCGCTTTAT
GGTGAAGTTAATGAGGTGC), and SOD2F and SOD2R (CCCCCCCT
CGAGGTCGACGGTATCGATAAGCTTGATATCGCTTACGCTATTC
TTGCTGAAC and AGCTCCACCGCGGTGGCGGCCGCTCTAGAACT
AGTGGATCGCTGTGCCCCCGGTAATTCC), with BY4742 S. cerevisiae
genomic DNA as a template. PCR program consisted in 25 cycles of 2 min
of denaturation at 95°C, followed by 30 s of hybridization at 54°C, and an
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elongation step at 72°C) using Phusion high-fidelity DNA polymerase
(New England BioLabs). The CTT1, SOD1, and SOD2 genes were cloned
in multicopy plasmids (pRS423, pRS425, and pRS426, respectively) and
expressed under the control of their own promoters according to the
lithium acetate yeast transformation protocol (31). Overexpression plas-
mids were constructed by cotransforming separately the PCR products of
CTT1 with the linearized BamHI/EcoRI-digested pRS423 to construct
pST423, SOD1 with BamHI/PstI-digested pRS425 to construct pST425,
and finally SOD2 with BamHI/PstI-digested pRS425 to construct pST426
plasmid. Positive clones were checked by PCR. The sensitivity of trans-
formed strains to H2O2 or photocatalytic stresses was tested by drop test
following serial dilution on YPD medium after exposure to photocatalytic
treatment and to H2O2 as a control.

DHE assay for superoxide anions monitoring. Samples (1 ml, 107

cells) were taken at different time points during photocatalytic treatment
and filtered (0.45-�m pore size; Merck/Millipore). Dihydroethidium
(DHE; Molecular Probes/Invitrogen) prepared in dimethyl sulfoxide
(Sigma-Aldrich) was promptly added to each sample to a final concentra-
tion of 0.5 �g/ml, followed by incubation for 3 min at room temperature
in the dark. Cells were washed and concentrated 5-fold in PBS by centrif-
ugation. Samples were analyzed (excitation wavelength, 488 nm; emission
wavelength, 585 nm) with Infinite M200 PRO fluorimeter (Tecan). The
data were collected with Magellan software.

RESULTS AND DISCUSSION
Depicting S. cerevisiae cellular damages by electron micros-
copy. In a previous study (26), we investigated the effects of pho-
tocatalysis on S. cerevisiae. Cell viability, evaluated by flow cytom-
etry, revealed that plasma membrane permeability and esterase

enzymatic activity were almost simultaneously targeted. Monitor-
ing of chemical by-products confirmed the loss of membrane in-
tegrity. However, because of the presence of the cell wall, the ques-
tion of the entry of nanoparticles through cellular structures to
reach the membrane remains unresolved. Because the photocata-
lytic reaction is induced on the TiO2 surface (6, 9, 10), a direct
contact between plasma membrane and nanoparticles seems to be
important to induce damages. To visualize the organization of
TiO2 particles around fungal cells and to detect a possible entry,
we performed electron microscopy investigations.

In order to check the state of the yeast surface, SEM was first
performed. Electron micrographs revealed a regular shape for S.
cerevisiae control cells incubated for 20 h in the presence of water
or TiO2 particles without UV-A exposure (Fig. 1A). After 20 h of
exposure to UV-A, mild depressions and bumps appeared on the
surface of the cells, revealing the external effects of a long exposure
time to UV-A. When cells were incubated with nonirradiated
TiO2 nanoparticles, irregular particle aggregates were rapidly
formed on the cell surfaces (Fig. 1A). Yeast cells were then embed-
ded in heterogeneous clusters of nanoparticles. The same struc-
tural organization was observed under photocatalytic treatment,
suggesting the existence of an attractive affinity between cell sur-
face and TiO2 particles with or without the presence of UV-A.
However, after 3 h of exposure to photocatalysis, localized cracks
and breaks were detected. When cells were exposed for 20 h, dras-
tic damages such as holes and collapses appeared, leading to totally
unstructured cells (Fig. 1A).

FIG 1 Photocatalysis induces cell wall damages. (A) SEM views of S. cerevisiae cells exposed to control conditions (20 h in water, UV-A, or TiO2 in the dark) or
to photocatalysis treatment (3 and 20 h). (B) TEM observation of S. cerevisiae cells after 20 h of exposure to nonilluminated TiO2 and after 3 h and 20 h of
photocatalytic treatment. White arrows indicate cell wall cracks and holes.
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To provide a complementary approach to visualize cells in
contact with TiO2 particles and to check their entry in cells, TEM
was used. TiO2 particles did not appear directly in contact with cell
limits, which allowed materializing the cell wall thickness and the
absence of particles in that space. After 3 h of treatment, when all
of the cells were inactivated (0.1% of yeast cells were still cultivable
after 1 h of treatment [26]) cell contours appeared irregular in
some places (Fig. 1B). Holes were detected in the cytoplasmic area,
and the membrane appeared locally distorted. However, electron
micrograph inspection did not reveal any entry of nanoparticles
within the cells. After 20 h of treatment, thin sections of yeast cells
revealed drastic damages detectable by the presence of empty cy-
toplasmic cavities, cracks, and very irregular cell contours. Nano-
particles appeared directly stuck against the cytoplasm, suggesting
a drastic degradation of the cell wall (Fig. 1B). This confirms our
previous data concerning the shape of treated yeasts visualized by
staining cell wall glucans with calcofluor white (26). In contrast to
untreated cells, cells exposed to photocatalysis for 20 h revealed
very irregular staining that could be explained by a potential dis-
organization of the cell wall structure disturbing the dye binding.
Then, once killed by photocatalysis, the cells are subjected to a
continuous degradation process, breaking down the cell wall. The
nonentry of the particles in the cell wall thickness during the in-
activation phase is in accordance with the measure of the cell wall
porosity, estimated to be 3.6 nm (32), while the size of an isolated
TiO2 nanoparticle reaches 30 nm. In S. cerevisiae, the cell wall
constitutes a real physical protective barrier that prevents form the
entry of TiO2 particles. In the bacterial model E. coli, the porosity
of the outer membrane is lower (3 to 15 nm) and a majority of
studies performed on that model support the fact that particles do
not penetrate cells (24, 33). Nevertheless, the entry of nanopar-
ticles has been described in various cellular models lacking a cell
wall, such as mammal cells. Mechanisms of entry such as endocy-
tosis or phagocytosis have been then suggested (34). However,
general conclusions are far from clear since nanoparticles entry
have been detected in erythrocyte cells lacking internalization
mechanisms (35). Moreover, electron microscopy investigations
revealed an irregular location of TiO2 on the cell surface, which
could suggest particular fixation sites. The TiO2 arrangement on
the yeast surface could be due to specific interactions with easily
reached molecules such as proteins, for instance through carboxyl
groups of distinctive amino acids (36). Moreover, the intrinsic
molecular organization of microbial cell envelopes could also be
implicated in the localized cell surface distortions caused by pho-
tocatalytic stress. Atomic force microscopy investigations have re-
vealed hole-like structures, preferentially induced at the apical ter-
mini of E. coli cells exposed to photocatalytic treatment. The
damages were correlated to the nonhomogenous distribution of
unsaturated lipid components in the bacterial outer membranes
at the poles of the rod cells (37).

Photocatalysis targets S. cerevisiae biological cellular com-
pounds. Our results show that the loss of cell cultivability and
viability engendered by photocatalytic treatment occur without
direct contact between nanoparticles and the plasma membrane.
Thus, our previous data (26) pointed out a loss of intracellular
enzymatic activity (monitored by intracellular esterase activity by
flow cytometry) coupled to the release of amino acids and NH4

	

from the beginning of the treatment. These elements prompted us
to investigate the fate of proteins in S. cerevisiae. Indeed, yeast cell
proteins constitute a major pool of biomolecules (40 to 60% of

biomass [36]) known to constitute a major target of oxidative
stress (38) and located both in the most external cell wall structure
and in the intracellular space. Consequently, we analyzed the in-
soluble protein-enriched fraction (mainly sequestered in cell wall
and membranes) and the intracellular soluble proteins during
photocatalytic treatment by electrophoresis.

The insoluble protein fraction extracted from the cell wall and
membranes was analyzed by SDS-PAGE. Coomassie blue staining
of proteins extracted from S. cerevisiae cells exposed to photoca-
talysis revealed a progressive and global decrease of the overall
pool over exposure time (Fig. 2A). Compared to the control con-
ditions, only a few bands among the initially abundant proteins
were still detectable after 2 h of exposure. In parallel, the intracel-
lular soluble fraction was also analyzed. In that case, the fate of the
protein pool was different (Fig. 2B). After 2 h of treatment, most
bands disappeared except three that remained detectable (one of
them was still detectable after 5 h). These bands corresponded to
abundant proteins, but some other bands that were initially even
more detectable disappeared totally after 1 h of exposure to pho-
tocatalysis. Several hypotheses could explain this differential effect
on proteins. First, some of the disappearing bands could be the
result of a leakage process, some proteins getting out of the cell
more easily. We have been able to detect cell-released proteins
during photocatalysis but at a very low level and after 3 h (data not
shown). This cannot explain the drastic disappearance noticed
between 1 and 2 h. Second, a greater sensitivity of some protein
residues, leading to a targeted effect on degradation could be ar-
gued. To go further, we sequenced and identified some protein
bands cut from the gel by using the LC-MS/MS technique. The
three remaining bands (Fig. 2B) were identified as enzymes impli-
cated in the glycolytic pathway (glucose-6-phophate isomerase,
enolase, and triose phosphate isomerase) known to be abundant
proteins in S. cerevisiae (SGData base). However, the identifica-
tion of one of the rapidly disappearing protein (Fig. 2B) revealed
the phosphoglycerate mutase, also involved in the same pathway,
and finally the heat shock protein Ssa1/2. Consequently, the per-
sistence of some proteins is probably not related to their function.
As previously shown by Carré et al. (39), proteins affected by pho-
tocatalytic oxidation in E. coli were strongly heterogeneous in
terms of function and functional category. In order to evaluate the
second hypothesis, we decided to investigate the oxidation status
of intracellular proteins. ROS can damage proteins by direct oxi-
dation of their amino acid residues or by secondary attack via lipid
peroxidation (40). Protein carbonylation was detected by Western
blotting after derivatization by the 2,4-DNPH. Figure 2C shows
the increase in protein oxidation after 1 h of exposure to photo-
catalytic treatment. The persistence and disappearance of proteins
could be related to their differential sensitivity to oxidation ac-
cording to their relative amino acid composition and to the acces-
sibility of target residues for oxidation such as arginine, proline,
threonine, and lysine (41, 42).

Among the biological cellular compounds targeted by oxida-
tive stress, lipids are also a highly involved class of molecules.
Their oxidation gives rise to a number of secondary products im-
plicated in secondary attacks on amino acid residues (40). Among
these, malondialdehyde (MDA) is the principal and most studied
product of polyunsaturated fatty acid peroxidation (43). The re-
lease of MDA during the photocatalytic exposure of microbial
cells has already been shown in the case of the bacterium E. coli (3,
44). Recently, the work of Carré et al. (39) showed that the addi-
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tion of superoxide dismutase, known to scavenge selectively O2°�,
decreased the lipid peroxidation rate provoked by TiO2 photoca-
talysis on E. coli by 47%. Thus, monitoring MDA release seems a
relevant way to evaluate oxidative stress generated by photocatal-
ysis. The monitoring of MDA during inactivation of S. cerevisiae
revealed that it was rapidly formed when yeast cells were exposed
to the illuminated photocatalyst (Fig. 3). Control experiments re-
vealed a base level of MDA that did not increase during the time

course. During photocatalytic treatment of S. cerevisiae, the MDA
level increased steadily over time and reached a maximum of 0.2
�M after 2 h. During prolonged illumination, a decrease was ob-
served, indicating that this organic compound was also degraded.
Indeed, a range of organic compounds can be decomposed under
photocatalytic conditions, and MDA is also a target of oxidative
degradation (3).

Because oxidation takes place through surface-bound radicals
that are not free to diffuse into the cell (8, 11) and TiO2 nanopar-
ticles do not penetrate through the yeast cell wall space during the
first 3 h of treatment, the oxidation of lipids and differential dis-
appearance of intracellular soluble proteins could then be gener-
ated by an intracellular oxidation process induced by the photo-
catalytic stress.

Intracellular oxidative status of S. cerevisiae cells exposed to
photocatalysis. Our data suggested that photocatalysis could pro-
voke an intracellular oxidative environment. To test this hypoth-
esis, we decided to construct yeast strains that are better able to
withstand oxidative stress. For that purpose, genes involved in
oxidative stress tolerance were expressed in S. cerevisiae by trans-
formation with multicopy plasmids. The enzymes, the superoxide
dismutases Sod1p (cytoplasm and mitochondria intermembrane
space) and Sod2p (mitochondrial matrix), which are encoded by
the SOD1 and SOD2 genes, respectively, are involved in detoxifi-
cation of the O2°� anion. Ctt1p is a catalase (peroxisomal and
cytosolic) involved in protection from oxidative damages by hy-
drogen peroxide (45, 46). Multicopy plasmids containing SOD1,
SOD2, and CTT1 genes under the control of their own promoters
were simultaneously used to cotransform S. cerevisiae. In order to
check their tolerance to a defined oxidative stress, these transfor-
mants were exposed to a 2.5 mM H2O2 stress, known to involve
Sod1p, Sod2p, and Ctt1p contribution and to induce an intracel-
lular oxidative environment (47). Spot assays of cells sampled
during H2O2 treatment showed that cells carrying multicopy plas-
mids with antioxidant genes were more resistant than the wild-
type strain (Fig. 4). Thus, simultaneous overexpression of the
three genes SOD1, SOD2, and CTT1 led to an improved resistance

FIG 2 Fate of extracted proteins during photocatalytic treatment. S. cerevisiae
cells were incubated in the dark in the presence of TiO2 for 30 min, and an
aliquot was harvested (lane 0). The suspension was then illuminated by UV-A,
and samples were harvested after 30 min and 1, 2, 3, and 5 h of photocatalytic
treatment. Insoluble proteins, i.e., parietal and membrane proteins (A), and
intracellular soluble proteins (B) were extracted from each sample and ana-
lyzed by SDS-PAGE and Coomassie blue staining. As controls, the results for
insoluble and soluble proteins extracted from S. cerevisiae cells incubated for 5
h in the presence of water, UV-A, or TiO2 are presented (right panels). (C)
Carbonylated proteins were detected by Western blotting with an anti-DNP
antibody in samples collected after 0 min, 30 min, and 1 h of photocatalytic
treatment. In panel B, the numbers (1, 2, and 3) indicate slowly disappearing
sequenced proteins, while letters (a and b) indicate rapidly disappearing se-
quenced proteins.

FIG 3 Lipid oxidation analysis during photocatalytic treatment. S. cerevisiae
cells were treated with photoactivated TiO2 for 5 h, and the MDA-TBA con-
centration was monitored as described in Materials and Methods. The MDA-
TBA level was monitored in control conditions (water, UV-A, or TiO2).
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to H2O2. This confirmed that our yeast transformants were more
resistant to an intracellular oxidative stress. The same strains were
then exposed to photocatalysis for 2 h (Fig. 4). Spot assays revealed
a higher resistance of the transformants compared to wild-type
cells. As for the H2O2 stress response, superoxide dismutase and
catalase activities are necessary for cell protection in the context of
photocatalysis. This suggested that yeast cells may have to cope
with the superoxide anion radical O2°� and hydrogen peroxide in
their intracellular spaces. O2°� is the major ROS product resulting
from electron leakage from the mitochondrial transport chain
(48). Hydrogen peroxide could arise via dismutation of O2°� an-
ion by superoxide dismutase or after exposure to diverse environ-
mental factors. This compound can also generate the highly
reactive hydroxyl radical via metal-catalyzed reactions (47).
Moreover, Sod1p, Sod2p, and Ctt1p are localized within the yeast
cells. The improved resistance of cells overexpressing these pro-
teins during photocatalytic exposure and the fact that radicals
produced at the surface of the catalyst and the catalyst itself cannot
diffuse in the cells strongly suggest that exposure to photocatalytic
treatment induces an intracellular production of ROS.

In order to reveal this oxidative intracellular environment, we
monitored the presence of O2°� during the exposure of S. cerevi-
siae to photocatalysis. To avoid enzyme inactivation due to pho-
tocatalysis process, we used a DHE assay, which does not require
any enzymatic cleavage (49, 50). DHE easily penetrates cells and
reacts specifically with O2°� anions radicals to form a DNA-inter-
calating fluorescent compound. The assay was achieved during a
1-h exposure. Control experiments involving yeast cells exposed
to UV-A, TiO2, and UP water only were performed. The level of
superoxide anions detected in the presence of nonilluminated
TiO2 in contact with cells slightly increased compared to cells
incubated in water only (Fig. 5). This suggests that a simple con-
tact between nanoparticles and cells could provoke oxidative
stress. This was previously demonstrated by monitoring the culti-
vability of cells exposed to nonilluminated TiO2 (26). In that case,

the cultivability of exposed cells decreased by 30% in 5 h, whereas
this decrease was achieved within 1 h during photocatalysis. Yeast
cells exposed to photocatalytic treatment revealed a drastic in-
crease in O2°� content within 15 min of exposure, whereas the
level remained low for control conditions (Fig. 5). Several studies
have suggested the induction of an oxidative intracellular stress,
mainly by revealing intracellular damages (2, 51, 52). By monitor-
ing superoxide anion radicals, we have revealed a drastic increase
in cellular oxidative status, induced by photocatalysis. However,
the mechanism responsible for this intracellular oxidative envi-
ronment is still unknown. Even if some radicals are released in
solution by the nanoparticles, they would be highly reactive and
encounter oxidizable substrates when reaching the cell wall. An
indirect mechanism is probably involved. Oxidative stress is
known to generate superoxide radicals through the mitochondrial
respiratory chain that could initiate oxidative chain reactions (53).
The diffusion of H2O2 generated by irradiation of TiO2 could
provoke the Fenton reaction involving free iron and the formation
of more active hydroxyl radicals (52). As a consequence, several
highly ROS-sensitive proteins depending on FeS could, once de-
natured, elicit a gain in toxic activity as iron would be released in
the cells. Such an increase in iron could accelerate the Fenton
reaction and provoke more oxidative damage and killing (38).
Moreover, other oxidants generated in the cells such as the prod-
ucts of oxidized lipids (MDA) may themselves initiate further ox-
idative damages.

Inactivation of fungal cells. The yeast S. cerevisiae is one of the
most intensively studied eukaryotic model organism in molecular
and cell biology. However, to investigate photocatalytic inactiva-
tion of fungal organisms at a broader level, we selected fungal
species characterized by different cell structures and representa-
tive of various environments. For that purpose, two yeast species
(Candida krusei and Rhodothorula glutinis) and a filamentous fun-
gus (Botrytis cinerea) were exposed to photocatalytic inactivation
using the optimal experimental conditions determined previously
for S. cerevisiae (26). Previous data acquired with S. cerevisiae were
used as a reference. C. krusei, an ascomycete environmental bud-

FIG 4 Simultaneous overexpression of the SOD1, SOD2, and CTT1 genes
protects S. cerevisiae cells from oxidative and photocatalytic treatment. The
wild-type S. cerevisiae BY4742 strain without plasmids (WT; left panel) and
BY4742 transformants bearing three multicopy plasmid expressing antioxi-
dant SOD1, SOD2, and CTT1 genes (right panel) were incubated in the pres-
ence of 2.5 mM H2O2 or UV-A-illuminated TiO2. At the indicated time points,
100 �l of cell suspension was 10-fold serially diluted, and 10 �l of each dilution
was spotted onto YPD medium. Plates were incubated 3 days at 30°C before
being photographed.

FIG 5 Superoxide ion production during photocatalytic treatment. Superox-
ide ions were detected by DHE assay (see Materials and Methods) during S.
cerevisiae cell exposure to photocatalytic treatment or control conditions (wa-
ter, TiO2 in the dark, and UV-A). The standard deviations of three or more
independent experiments are represented by error bars.
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ding yeast, is commonly found in soil, food, or wastewater. It is a
member of the gastrointestinal microflora and is also associated
with human diseases as an emerging fungal nosocomial pathogen
(54). R. glutinis, a basidiomycetous pigmented yeast, is commonly
detected in the environment. Its pink color is due to the presence
of carotenoid pigments (55). B. cinerea is a necrotrophic filamen-
tous plant pathogen that disseminates mainly through asexual
spores and is responsible for the gray mold of more than 200 hosts,
including economically important plants (56). Spores of B. cinerea
contain melanin, a pigment that is also known to be a strong
antioxidant. Since �-carotenes and melanin protect against oxi-
dation by quenching free radicals (55), R. glutinis yeast cells and B.
cinerea conidiospores were chosen to evaluate the impact of such
protective means during cell exposure to photocatalytic treat-
ment. Yeast cell and conidiospore suspensions were exposed to
photocatalytic treatment under the optimal conditions described
previously (26).

When exposed to photocatalytic treatment, the cultivability of
the nonpigmented S. cerevisiae and C. krusei yeasts was greatly
affected (Fig. 6). The percentage of cultivable cells decreased dras-
tically from the beginning of the treatment. After 1 h, 0.1% of the
cells were still cultivable. Beyond 3 h of exposure, S. cerevisiae and
C. krusei cells were not anymore cultivable. By that time, the cul-

tivability of B. cinerea spores was totally unaffected, whereas it
decreased to 10% of the initial number of viable cells in the case of
the pigmented yeast R. glutinis. A slight decrease in the cultivabil-
ity of B. cinerea spores was detected after a long exposure (77% of
the cells were cultivable after 20 h of treatment; Fig. 6). Control
experiments performed over a 5-h period confirmed that cell in-
activation was due to the deleterious effect of photocatalysis. The
cultivability of pigmented cells (R. glutinis and B. cinerea) was not
affected by exposure to UV-A alone, TiO2, or UP water. S. cerevi-
siae and C. krusei were found to be sensitive to UV-A but not to
nonactivated TiO2. The data obtained with both nonpigmented
yeast were identical and were consistent with our previous work
(Fig. 6). These data confirm the deleterious effects of UV-A on
nonpigmented yeast (57) and the low level of toxicity for TiO2

previously observed (26).
Our data compared for the first time different fungal organ-

isms exposed to photocatalysis under the same experimental con-
ditions. Altogether, we showed that photocatalysis inactivates dif-
ferent types of yeasts and revealed that pigmented structures are
much more resistant. The role of carotenoid pigments in biolog-
ical systems seems to be related to their activity as antioxidant
compounds in protecting sensitive molecules from highly reactive
oxygen forms (58). Thus, wall-bound fungal melanins are usually
found in the outer cell wall layers of various fungal structures
exposed to harsh environments (59). Melanin and carotenoid ad-
sorb oxygen-free radicals and UV light. Consequently, the pres-
ence of such pigments in the R. glutinis and B. cinerea cell walls
could compete with TiO2 nanoparticles in adsorbing UV radia-
tion and trapping reactive oxygen species generated at the catalyst
surface. We compared the damage to the membrane by monitor-
ing S. cerevisiae and R. glutinis cell death using flow cytometry
(data not shown). Our data revealed that the resistance of R. glu-
tinis pigmented cells to photocatalysis was associated with a delay
in membrane damage and loss of integrity. This strongly suggests
that the plasma membrane, a primary key target, was initially pro-
tected from photocatalytic damage by fungal pigments.

The resistance of B. cinerea spores to photocatalytic treatment
could also be related to the thickness of the cell wall. Indeed, the
average thickness of a yeast cell wall ranges from 100 to 200 nm,
whereas the B. cinerea cell wall is made of several complex layers of
polysaccharide compounds and has a thickness of 500 nm (60).
Fungal cell wall are composed of glucans, chitin, mannans and/or
galactomannans, and glycoproteins. Except for the presence of
pigments, differences between yeast and filamentous fungus cell
walls concern essentially the proportions of minor constituents
and might not explain such a resistance for B. cinerea spores. An-
other specificity of fungal spores is their ability to accumulate
various polyols (61). Among these, mannitol is known to be in-
volved in oxidative stress protection (62, 63). We cannot exclude a
protective role for mannitol when B. cinerea spores were exposed
to photocatalytic treatment. Another factor that could explain the
strong resistance of B. cinerea spores to photocatalysis is the very
low number of TiO2 particles that were found to be fixed on the
spore surface (data not shown) compared to S. cerevisiae cells,
which were clearly embedded in nanoparticles and got stuck in
aggregates (Fig. 1). The high hydrophobicity of their surfaces (64)
could prevent particles from adhering by masking interaction sites
and therefore decreasing the photocatalytic effects.

Conclusion. Our data lead us to propose a simplified scheme
depicting the antimicrobial effects of photocatalysis on fungal

FIG 6 Photocatalysis differently impacts fungal cell cultivability. (A) Cultiva-
bility kinetics of fungal cells S. cerevisiae (�), C. krusei (�), R. glutinis (Œ), and
B. cinerea spores (�) upon 20 h during photocatalytic treatment. (B) Cultiva-
bility kinetics of S. cerevisiae and R. glutinis in control conditions. Cells were
treated with either water, UV-A (3.8 mW/cm2), or TiO2 (0.1 g/liter) for 5 h.
The data points indicate the mean values of three independent experiments. Ct
and C0 correspond to the cell concentrations at times t and 0, respectively. For
clarity, data on the cultivability of cells exposed to control conditions are
presented for R. glutinis and S. cerevisiae only.
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cells. As a first step, direct contact between nanoparticles and S.
cerevisiae cell wall could first create external localized damage,
whereas nanoparticles do not penetrate cells. By-products, gener-
ated from macromolecule degradation, or ROS directly generated
by nanoparticles could then reach the cellular membrane through
a locally disorganized cell wall space and cause oxidative damage.
According to our experimental conditions, a drastic loss in cell
viability occurs during the first hour of exposure. During this pe-
riod, convergent and autocatalytic processes contribute to cell
degradation. ROS initiate the processes of autocatalytic lipid per-
oxidation that convert lipids into toxic polar hydroperoxides,
which can cause efflux, loss of membrane activity, cell death, and
further oxidative damage. Carbonylated proteins that were also
detected during the first hour of treatment may form highly toxic
compounds. An intracellular oxidative environment is then rap-
idly created, as revealed by the detection of superoxide ions. This
could lead to further damage in macromolecules via chain reac-
tions. Moreover, our data showed that some fungal cells harboring
pigmented cell walls were very resistant to photocatalytic treat-
ment. This finding could be explained by the presence of pigments
localized in cell walls and by the presence of thick walls. Such cells
could be temporarily protected until the cell walls are sufficiently
damaged. Moreover, the questions of the fixation of the nanopar-
ticles on the cells and the existence of specific interactions with cell
wall components will be primary areas of investigation in future
studies.
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